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It has been said that Astronomy is a humbling and character-building experience. There is
perhaps no better demonstration of the folly of human conceits than this distant image of our
tiny world. To me, it underscores our responsibility to deal more kindly with one another,
and to preserve and cherish the pale blue dot, the only home we have ever known.
- Carl Sagan
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Chapter 1
Introduction
It is hard to think of practical applications of the black hole. Because practical
applications are so remote, many people assume we should not be interested.
But this quest to understand the world is what defines us as human beings.
Yuri Milner, 1961.
Black holes are among the most fascinating inventions of the human mind and a striking
prediction of Einstein’s theory of General Relativity. The black hole is a great amount of matter
packed into a very small volume. The massive density of a black hole results in a gravitational
field that is so strong that nothing, not even light, can escape. Although the idea of a black hole
has been around for centuries, the term was first coined by John Wheeler in 1967. Einstein’s
general relativity equations showed that when a massive star dies, no force can keep the star from
collapsing under the influence of its own gravity. Thus, a black hole is formed.
General Relativity predicts that black holes are extremely simple objects that can be uniquely
described by just three parameters - their mass, angular momentum (spin) and electric charge.
This is known as the no-hair theorem, a metaphor conveying the basic idea that the material
properties of any object become unmeasurable, the moment it collapses into a black hole. As
astrophysical black holes are expected to be electrically neutral, electric charge is not considered
to be a relevant parameter. Black hole mass depends solely on the Schwarzschild radius, which is
defined as the radius where the escape velocity equals the speed of light. The mass of the black
hole is estimated as M = Rsc2/2G, where G is the gravitational constant, c is the speed of light,
and Rs is the Schwarzschild radius.The black hole spin is generally expressed by the dimensionless
parameter aı = a/Rs, where a = J/cM and J is the angular momentum of the black hole.
Initially, black holes were thought to be mere theoretical ideas and mathematical concepts.
With depth in knowledge and developments in technology during the twentieth century, several
astrophysical black hole candidates have been discovered in the universe. There are many known
and probably millions of unknown black holes in our own galaxy Milky Way itself. Almost every
other galaxy in the universe hosts a supermassive black hole in its center, and many more stellar-
mass black holes in its disc. The formation, evolution, physics and dynamics of these monstrous
black holes have captured the imagination of scientists for centuries.
1
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1.1 Detection of Black holes
As black holes can e ectively trap even light, it is impossible to detect and image them directly
through electromagnetic radiation. Instead, their presence is inferred indirectly by looking at
the motion of the stars and gas in the vicinity of a black hole. A black hole can have dramatic
gravitational e ect on the surrounding matter - it can heat surrounding gases to more than a mil-
lion degrees Kelvin making them emit high-energy and polarized X-ray radiation, accrete nearby
clouds of interstellar matter, emit gravitational waves while merging with another black hole or
neutron star, shoot out extremely bright relativistic jets from their rotational axis, etc.
Most of the things we have learned about black holes are from the accretion disc that surrounds
the black hole and the relativistic jets coming out of it. It takes a long time for material to fall
into the black hole. The falling material often forms a flattened disc of spinning matter around it.
This is known as the accretion disc. As the amount of matter falling into the black hole increases,
the disc heats up and emits vast amounts of electromagnetic radiation. The radiation makes it
detectable by telescopes.
In many cases, the rotation and the magnetic field of the accretion disc ejects huge amount
of matter along the poles at relativistic speeds. These bright outflows are termed as the black
hole jets. The disc and the jets are the crucial tools that we observe to infer properties of the
central black holes. Hence in order to study black holes, it is essential to understand the theory of
the accretion disc and relativistic jets. In this section, I introduce the basic concepts of accretion
discs and jets.
1.1.1 Accretion disc
Accretion is a term used to describe the accumulation of mass by a black hole or any central
gravitating object. The gas or the surrounding matter being accreted to a black hole can move
inward only after it is able to lose a substantial part of its angular momentum. In order to
conserve the angular momentum, the accreting material forms an accretion disc around the black
hole. The friction caused by the turbulent velocity between adjacent gas layers of the accretion
disc can transfer the angular momentum from the inner regions of the disc to the outer regions.
By the time accreting matter crosses the innermost accretion disc radius and reaches the
Schwarzschild radius, it loses ≥0.1 mc2 of its gravitational potential energy. Hence, accretion
around a black hole provides the most e cient method to extract rest-mass energy from matter,
making the accretion disc extremely luminous. This emission from accretion disc allows us to
observationally study the distant astrophysical black hole systems, and gather more knowledge
about extreme physics in a highly relativistic environment.
Although it is clear that angular momentum plays a very important role in the formation of
the accretion disc, the dynamics of the accretion flow is still very uncertain. Di erent models
have been proposed in the literature to describe the theory of black hole accretion discs, which
can be mainly categorized in two groups - cold and hot accretion flows.
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Cold accretion flow models are designed to describe the cool, radiatively e cient and optically
thick gas accreting in a geometrically thin disc-like geometry. The two most prominent cold
accretion models are the standard accretion disc model [eg. Shakura & Sunyaev, 1973; Novikov
& Thorne, 1973, etc.] and the super-eddington slim disc model [eg. Katz, 1977; Abramowicz et
al., 1988, etc.]. On the other hand, hot accretion flow models describe the virially hot, radiatively
ine cient and optically thin gas accretion. The two most prominent hot accretion models are the
Advection Dominated Accretion Flows [ADAFs, eg. Ichimaru, 1977; Narayan & Yi, 1994, etc.]
and the ion-supprted torus model [eg. Rees et al., 1982, etc.].
1.1.1.1 Standard accretion discs
The basic theoretical model of a black hole accretion disc was first formulated by Shakura &
Sunyaev [1973], and generalized to the Kerr-metric by Novikov & Thorne [1973]. This model
assumes that the accretion disc is steady, axisymmetric, geometrically thin, optically thick, in
local thermal equilibrium and extends down to the innermost stable circular orbit (ISCO). The
ISCO depends on the angular momentum (J) and the mass (M) of the black hole and is often
expressed using the dimensionless spin parameter (aı)
aı =
cJ
GM
(1.1)
where G is the gravitational constant (G = 6.67408 ◊ 10≠11 m3 kg≠1 s≠2). For a non-rotating
black hole, spin parameter aı=0 and the ISCO is found at r=3Rs, while for a maximally rotating
Kerr black hole at a prograde orbit, aı =1 and the ISCO is found at r = Rs.
The friction caused by the turbulent velocity between adjacent sheets of accreting gas converts
the gravitational energy into heat, and transports the angular momentum. It is assumed that the
disc radiates the viscous heat e ciently as a blackbody and does not advect heat inwards. To the
first order, the accretion disc can be modeled as a superposition of many blackbody emitters.
The spectrum of the radiation emitted is determined mainly by the mass accretion rate M˙ .
The total disc luminosity is given by Ld = ÷M˙c2, where ÷ is the e ciency of the accretion process.
The local temperature of the disc can be estimated from the local dissipation rate,
L(r)dr ≥ GMm˙2r dr = 4ﬁr‡SBT
4
discdr (1.2)
where M is the mass of the central object, m˙ is the accretion rate, r the radius in the disc, T
is the temperature of the disc and ‡SB the Stefan-Boltzmann constant.
There is a natural upper limit to the luminosity Ld that can be radiated by an accretion disc.
This limit, known as the Eddington limit is required for a spherically symmetric object to be in
hydrostatic equilibrium. The Eddington limit arises when the outward radiation pressure exerted
by photons via Thompson scattering equals the inward gravitational force, and defines the upper
stability limit of the accretion disc.
L Æ Ledd = 4ﬁGcmHM‡T = 1.3◊ 10
38MBH
M§
ergs≠1 (1.3)
where c is the speed of light, mH is the mass of a proton and ‡T is the Thompson cross-section.
3
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This yields the Eddington mass accretion rate, or the maximum possible accretion rate defined
as M˙edd = Leddc2 . The standard thin accretion disc model applies whenever the dimensionless mass
accretion rate defined as m˙acc = M˙M˙edd is less than 1. It fairly predicts the observed emission
spectrum of not only supermassive black holes, but also dwarf-novae and X-ray binaries.
When M˙ approaches or exceeds M˙Edd, the accreting gas becomes optically thick and it is not
possible to radiate all the dissipated energy locally. The radiation gets trapped and advected
inward with the accretion flow, resulting in a radiatively ine cient accretion flow. Under these
conditions, thin accretion disc models fail and a slim disc model [eg. Katz, 1977; Begelman, 1979,
etc.] is required to describe the accretion flow.
1.1.1.2 Advection dominated accretion flow
When the dimensionless accretion rate becomes very low (m˙acc < 0.01), the particle density can
decrease to an extent that the energy exchange timescale between electrons and protons is larger
than the accretion time scale. In such cases, most of the dissipated energy is harboured as in-
ternal heat and is advected into the black hole. To e ectively describe such an accretion flow,
an optically thick advection-dominated accretion flow model [ADAF, eg. Katz, 1977; Begelman,
1979, etc.] is needed. The ADAF structure has more of a quasi-spherical torus-like morphology
than a disc-like shape.
The role of advection in hot accretion flows was first discussed by Ichimaru [1977], who showed
that the viscously dissipated accretion energy can at times be used to heat up the accretion flow
rather than being radiated away. In an ADAF, most of the energy gained by the gas gets advected
all the way into the event horizon, and ultimately disappears down the black hole. The two
prominent variants of the ADAF are Advection-dominated inflow-outflow solution (ADIOS) and
convection-dominated accretion flow (CDAF).
Because of the low e ciency, most of the accretion energy is stored in the gas, instead of being
radiated away. Hence, ADAFs are much less luminous than the Shakura-Sunyaev thin discs. Due
to the high temperature of the accreting gas close to the black hole in ADAF accretion disc
models, the spectra tend to be mainly dominated by synchrotron and bremsstrahlung emission,
and often modified by Comptonization. If the hot flow is also surrounded by a standard thin disc,
an additional multicolor blackbody component can be seen in the accretion disc spectrum.
1.1.2 Jets
Accreting compact objects on a wide range of physical scales often produce powerful relativistic
collimated outflows or jets. Astrophysical jets span a large range of luminosity and degree of
collimation. There is evidence of jets associated with a vast range of astrophysical objects such
as young stellar objects, neutron stars, symbiotic stars, galactic stellar mass black holes, gamma
ray bursts and the nuclei of active galaxies. The first jet was discovered in an optical image of
the galaxy Messier 87 [Curtis, 1918]. Bridle & Perley [1984] described a jet as a distinct structure
at least four times as long as it is wide (constraining the opening angle to be < 14¶), and aligned
with the compact radio core of the system.
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Figure 1.1: Powerful relativistic jet coming from a supermassive black hole residing in the cen-
ter of the elliptical radio galaxy Hercules A. This image combines data from the
Hubble Space Telescope and the Karl G. Jansky Very Large Array radio telescope.
Image credit: NASA, ESA, S. Baum and C. O’Dea (RIT), R. Perley and W. Cotton
(NRAO/AUI/NSF), and the Hubble Heritage Team (STScI/AURA).
The association of accretion discs and jet production is fundamental. Accretion discs are
thought to launch the jet, as well as provide the mass and angular momentum necessary to keep
the jet stable.
It is broadly assumed that the plasma in the accretion flow gets ejected into symmetric nozzles
and freely expands sideways due to its pressure, resulting in a conical geometry [Blandford &
Königl, 1979]. At some point, internal shocks accelerate the electrons in the jet, prompting them
to emit synchrotron radiation. This is the radio core. When the jet can not expand freely
anymore, the conical model breaks down. The jet hits the interstellar medium and creates a bow
shock, causing deceleration of the jet. The decelerating, propagating jet grows and makes large
and prominent radio lobes.
Despite numerous theoretical and observational studies across all accessible wavelengths; how
jets are formed, accelerated and collimated still remains a mystery. The two most commonly
used models to explain the launch of powerful jets are the Blandford & Znajek [1977, hereafter
BZ] mechanism that produces spin-powered jets using the rotational energy of spinning black
holes (BH) and the Blandford & Payne [1982, hereafter BP] mechanism which produces purely
accretion-powered jets using the magnetic field of the accretion disc.
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1.1.2.1 Spin-powered Jets
Spinning black holes have free energy [Penrose, 1968] which can be used to power an astrophysical
jet [Blandford & Znajek, 1977]. This is known as the BZ mechanism. Blandford & Znajek [1977]
theoretically predicted that the space-time dragging of rotating black holes will twist the magnetic
fields in the vicinity of the black hole, which can produce an electromagnetic jet to carry away
energy from the black hole. The BZ mechanism is based on a direct connection between the
magnetic field and the spin of the black hole, and works on the idea that relativistic jets can tap
the angular momentum of an accreting black hole.
Theoretically, the jet power extracted in BZ mechanism is related to the dimensionless spin
parameter aı and the horizon-threading magnetic field BH via
LBZ =
1
32
 F ( F ≠  H)
 2H
B2Hr
2
Ha
2
ıc (1.4)
where  F is the angular velocity of observers that measure zero electric field,  H is the angular
velocity of the black hole event horizon and rH is the radius of the event horizon.
This coupling between jet power and spin is known as the Spin paradigm. Numerical general
relativistic magnetohydrodynamic simulations of accreting spinning black holes show that rela-
tivistic jets form spontaneously & the simulated scaling of jet power with black hole spin agrees
with the BZ prediction [Tchekhovskoy et al., 2011]. Recently, Narayan & McClintock [2012] pre-
sented the first direct evidence for this relationship with four transient black hole binaries, using 5
GHz radio luminosity as a proxy for jet power and black hole spin measurements obtained via the
continuum-fitting method. While Steiner et al. [2013] confirmed the empirical relationship using
a fifth source (H1743-322), a number of other studies reported an absence of such a correlation
[eg. Fender et al., 2010; Russell et al., 2013, etc.]
1.1.2.2 Accretion-powered Jets
The Blandford and Payne mechanism is based on an accretion disc that is threaded by large scale
poloidal magnetic field, which extracts plasma from the disc and expels it along the field lines
that extend far away from the source.
Blandford & Payne [1982] have theoretically described a rotating accretion disc with a poloidal
magnetic field frozen into it. When the angle between the magnetic field lines and the rotational
axis of the disc becomes su ciently large, it forces matter to co-rotate with the threading magnetic
field and flings it outward along the field lines. The matter continues to accelerate until the
strength of the magnetic field can maintain co-rotation with the accretion disc. The field lines
get wrapped up in a toroidal structure by the inertia of the matter. The toroidal component
collimates the flow towards the rotation axis.
As the jet power in the BP mechanism is extracted from the angular momentum of the disc
itself, it can explain jet production in black holes, as well as neutron stars and white dwarfs.
Evidence for uncollimated MHD winds has recently been found in stellar mass black hole binaries
by Miller et al. [2006], but it can not always explain the highly relativistic jets observed from
active galactic nuclei [McKinney, 2005].
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1.2 Types of black holes
Numerous multi-wavelength observations of the discs and jets suggests that there are three types
of black holes : Stellar-mass black holes, Supermassive black holes and Intermediate mass black
holes. Stellar mass black holes are formed by the collapse of individual stars, and are incredibly
dense [for a review see Remillard & McClintock, 2006]. Supermassive black holes, on the other
hand, are either formed by mergers of many thousands of stellar mass black holes, or by the
collapse of a stellar cluster or large gas clouds [for a review see Volonteri et al., 1990]. Although
the possibility for the existence of an intermediate mass black hole is frequently discussed, it is still
not conclusively proven whether they exist or not [for a review see Miller & Colbert, 2004]. The
two most observed and thoroughly studied black holes are the stellar-mass and the supermassive
black holes. In the following two Sections, I review the basic understanding of these two types of
black holes.
1.3 Supermassive black holes
Figure 1.2: Multicolor image of Centaurus A, one of the most studied AGN hosted by a dusty
elliptical galaxy, harboring a supermassive black hole in the center. Image credit:
ESO press release 28-01-2009.
Every galaxy, including our own galaxy Milky way, is believed to harbor a supermassive black
hole at its center. In some of these galaxies, the central core produces more radiation than the
rest of the galaxy, and these are among the most powerful and steady source of energy known
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in the universe. These extremely energetic nuclei are also known as Active Galactic Nuclei (or
AGN) and have masses in the range of 106M§ < M < 109M§.
AGN activity seems to be higher in the past, with a maximum around redshift z = 1-3,
depending on the mass of the black hole and the type of the host galaxy [eg. Wolf et al., 2003;
Ackermann et al., 2011, etc]. We have observed AGN back to redshifts of z > 7 [eg. Banados et
al., 2018], and in all types of host galaxies. These high-redshift AGN can help us understand the
early Universe and study some of the first structure formation.
1.3.1 AGN classification
There is a plethora of di erent AGN classes, historically discovered in di erent ways, at di erent
times. In this section, we will discuss the five major types of AGN.
Seyferts : The first optical spectrum of an AGN was obtained at the Lick Observatory by E.A.
Fath in 1908, who was taking spectra of the nuclei of certain ‘spiral nebulae’ for his PhD thesis
[Fath, 1909], and noted that the nebula NGC 1068 had exceptionally strong nuclear emission
lines. In 1926, Hubble noted 3 more such galaxies with strong emission lines: NGC 1068, NGC
4051, NGC 4151. Finally, 30 years later in 1943, Carl Seyfert recognized these as a new class of
galaxies with a bright nuclei, having strong and broad high-ionization emission lines (up to 8500
km s≠1, full width at zero intensity) at high ionisation states [Seyfert, 1943].
These are now known as the Seyfert nuclei, which are generally associated with spiral galax-
ies. These can be further divided into two sub-classes: the Type 1 Seyfert galaxies (having both
broad and narrow lines in their spectra), and the Type 2 Seyferts (having only narrow lines in
their spectra). It was seen that the Seyfert 1s are much stronger hard x-ray emitters compared
to the Seyfert 2s, although the x-ray emission is usually rapidly variable for both the subclasses.
Usually, Seyferts have very little radio emission.
Radio galaxies : The next class of AGN to be studied were the Radio galaxies. They were
first discovered in 1950s as pairs of radio emitting lobes from optical galaxies, which were later
identified to be originating from jets. Most of these sources are associated with elliptical galaxies,
characterised by a quasi-power-law spectra and highly polarized radio emission.
Fanaro  & Riley [1974] di erentiated these radio galaxies into type I and II based on their
radio morphology and radio power level, using a set of 57 radio galaxies from the complete 3CR
catalogue. FR I radio galaxies are edge-darkened, with their brightest emitting region at less than
half of the distance from the core to the extremity of the radio source, while FR II radio galaxies
are edge-brightened, having their brightest emitting region more than half of the distance from
the core to the extremity of the radio source. Both FR I and FR II galaxies have two di erent
types of systems - Broad line radio galaxies (BLRGs) and Narrow line radio galaxies (NLRGs),
with spectral properties similar to the Type 1 and Type 2 Seyferts, respectively.
Quasars : In 1963, almost a decade later after the discovery of radio galaxies, the first radio sur-
vey of the sky led to the discovery of radio sources with optical star-like counterparts [Matthews
& Sandage, 1963; Schmidt, 1963]. These were initially called Quasi-stellar radio sources (quasars),
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but it was soon realized that many other highly luminous optical sources did not have significant
radio counterparts, and a more general term ‘quasi-stellar-object’ (QSO) was coined.
Blazars : In the 1970s, BL Lacertae (BL Lac) objects, that were discovered and classified as
irregularly variable stars by Ho meister et al. [1929], were recognized to have powerful radio
counterparts [MacLeod & Andrew, 1968]. They have almost featureless spectra with very few
weak emission lines, and are known to be extremely variable and highly polarized throughout
the entire wavelength band. With advancement in technology, more subclasses of quasars were
identified, like the ‘Optically Violently Variable’ (OVV) quasars that can change their output by
a factor of two over a year and the ‘High Polarization Quasars’ (HPQ) that are highly polarized
in the optical. All these rapidly variable and highly polarized sources like the BL Lac objects,
OVVs and HPQs are usually termed as ‘blazar’.
LINERs : Finally, Heckman [1980] defined a new class of AGN as Low Ionization Narrow
Emission-line Regions (LINERs). These form the majority of nearby AGN and AGN candidates,
and have nuclear optical spectra that are dominated by low ionization emission lines. Compared
to the Seyferts and the Quasars, the LINERs have much lower luminosities and are therefore often
referred to as low-luminosity active galactic nuclei (LLAGN).
A more recent classification scheme seperates AGN into two major groups : ‘radiative mode’
and ‘jet mode’ AGN [Heckman & Best , 2014]. The radiative-mode AGNs mostly radiate in
electromagnetic radiation, and consist of the traditional Seyferts and Quasars. They feature
highly e cient accretion, and are also referred to as ‘high ionization’ or ‘high excitation’ AGNs.
The jet-mode AGNs, on the other hand, primarily have most of the energy radiated in the form
of a bulk kinetic energy transported in two-sided jets. They consist of low luminosity AGN as
well as LINERs, and are also referred to as ‘low ionization’ or ‘low excitation’ AGNs.
1.3.2 AGN unification
AGN unification is the idea that the plethora of di erent AGN classes can be explained by a small
number of physical parameters, and one single unified model.
The old and the most common unification scheme [Antonucci, 1993; Urry & Padovani, 1995]
uses the inclination of an obscuring structure (dusty ‘torus’) to the line of sight, along with the
radio loudness of the source, to explain the large diversity of observed AGN properties. The
orientation determines which components of the AGN can be detected, while the radio loudness
determines the presence or absence of a significant radio jet. This scheme is based on the basic
idea that the di erent classes of AGN are intrinsically similar systems appearing as di erent due
to di erent orientation towards the line of sight of the observer, and therefore most of the AGN
can be described by a single unified model.
The unified model consists of a supermassive black hole (10≠7 - 10≠3 pc), which is the fun-
damental element common to all AGN. The matter getting accreted to the black hole forms a
superheated accretion disc (10≠7 - 1 pc), which powers the AGN and radiates mainly in the UV-
optical wavelength range. The disc is surrounded by two emission line regions. While the region
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Figure 1.3: Schematic representation of the unified AGN model. Image credit : Beckmann &
Shrader [2012]
nearer to the central black hole, known as the Broad line region (BLR), consists of high velocity
gas; the Narrow line region (NLR) staying further from the black hole have low velocity gases. A
dusty torus (1 - 10 pc) of gas and dust surrounds the central engine in the AGN, and can obscure
the accretion disc as well as BLR if viewed edge on. Another important component of the unified
model is the jet (10≠7 - 106 pc), that radiates across the entire wavelength range, and mostly
dominates the emission from radio to “-band.
1.3.2.1 Arguments supporting the Unified Model
The unified model implies that while the type-1 AGN shows the intrinsic spectrum of the accretion
disc, an obscuring torus prevents us from seeing the broad line region of the type-2 AGN. It was
supported by the observation of hidden polarized broad lines in the Type 2 Seyferts [eg. Antonucci
& Miller, 1985; Miller & Goodrich, 1990, etc.]. While Seyfert 1s show a star-like bright nuclei
with a powerful featureless continuum that is variable on time-scales of weeks, the Seyfert 2s have
a featureless continuum with weak or non-existent broad lines which do not vary.
The X-ray spectrum of the Seyfert 2s seems to have large absorbing columns compared to the
Seyfert 1s [Mushotzky, 1982; Pounds et al., 1990, etc.]. Moreover, the optical-UV continuum flux
needed to ionize the Seyfert 2 NLR is much larger than what is seen directly. This Photon-Deficit
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problem [Neugebauer, 1980; Binette et al., 1993, eg.] can be successfully explained by invoking
anisotropic absorption around the continuum source.
1.3.2.2 Arguments criticizing the Unified Model
Some of the strongest evidence against the orientation-based unification model is the presence of
a few seyferts that change type in a very short timescale that is too fast to be explained by a
cloud moving into our line of sight. These events led to the alternative explanation of Seyfert 2s
as switched-o  Seyfert 1s [eg. Roy et al., 1994; Penston & Perez, 1984, etc.]. Moreover, it is not
common to have a scattered BLR in the Seyfert 2s, which is generally expected from a unified
model [Cid & Terlevich, 1995].
Though we see many Seyfert 2s, it is rare to find a narrow line QSO, which has prompted the
alternative version of a modified unification scheme, described by a Receding Torus Model [Hill
et al., 1996]. In addition to these, we can not fit the Weak Line Radio Galaxies (WLRG) in the
unified model [Tadhunter et al., 2008], and the status of BLRGs is also not clear.
The Unification Scheme hence can successfully explain many AGN characteristics and properties
but some questions still remain. Despite being too simplistic, it is the best explanation we have
for developing a common model for an AGN.
1.3.3 Spectral energy distribution of an AGN
Figure 1.4: Schematic representation of the AGN broadband continuum spectral energy distri-
bution. The solid black line represents radio-quiet QSOs, while the dot-dashed line
represents radio-loud. Image credit: Elvis et al. [1994]
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The spectral energy distribution (SED) of an AGN carries important information on the phys-
ical processes of the accretion flow and jets. AGN have complex continuum spectra, extending
from radio to “-ray wavelengths. The spectral shape of the SED can be approximated by a power
low as ‹F‹ Ã ‹≠(–≠1), where – lies between ≥0-1. On top of the continuum, most of the AGN
spectra have some common additional features, as described below.
Big Blue Bump : A big hump in the continuum generally dominates the optical-UV wavelength
of an AGN spectra and often their total energy output. This excess emission is generally seen
between ≥ 1000-4000 Å, and is thought to consist of black body emission coming from a geomet-
rically thin, optically thick accretion disc.
Small Blue Bump : An additional bump is sometimes seen superposed on the continuum in
the optical-UV wavelength range, which is less pronounced than the big blue bump. This is ex-
plained by blended Fe emission lines and Balmer continuum, and in known as the small blue bump.
Infrared Hump : There is another hump in the infrared range, which generally peaks around
≥ 10≠40µm, and is attributed to thermal emission arising from warm dust surrounding the AGN
(T ≥ 50-1000 K).
Inflection point : An inflection is often detected around ≥ 1.5 µm between the big blue bump
and infrared hump, and is expected due to the limit of a maximum dust temperature of ≥ 2000K
caused by sublimation.
Sub-millimeter break : For the radio-quiet AGN, the SED decreases sharply at low energies,
which is explained by synchrotron self absorption. This is known as the sub-millimeter break.
Radio emission : The radio luminosity in the AGN is generally attributed to synchrotron radi-
ation arising from the jet. The radio flux of the radio-loud quasars is approximately three orders
of magnitude higher than the radio-quiet ones.
Hard X-ray component : A large fraction of the total luminosity in AGN is emitted in X-rays,
which is attributed to the inverse Compton scattering of the photons coming from the accretion
disc, by a corona of hot plasma surrounding the central black hole. X-ray can also have contri-
butions coming from the synchrotron self-compton emission of the jets.
Soft X-ray excess : It is the high energy end of the big-blue bump, seen in the X-ray band.
Emission lines in AGN spectra : The spectra of many AGN types also have emission lines,
which can be classified as permitted and forbidden lines. The permitted lines arise when free
electrons recombine with hydrogen nuclei in both the BLR and the NLR. On the other hands,
forbidden lines have extremely low transition probabilities and are typically excited by collisions
in the NLR only.
12
1.4 Stellar-mass black holes
1.4 Stellar-mass black holes
Stellar mass black holes are remnants of massive stars (≥ 10M§). When the fuel present at the
central core of a star gets exhausted, there is no outward radiative pressure to balance the inward
self-gravitational force, which results in the collapse of the star.
When the collapsing star has a contracting core that weighs less than the Chandrasekhar limit
[≥ 1.44 M§; Chandrasekhar, 1931], the degeneracy pressure of the electrons balances the gravita-
tional force and a white dwarf is formed. When the contracting central core is more massive than
the Chandrasekhar limit, the degeneracy pressure of the neutron comes into play. The neutron
degeneracy pressure can balance the gravitational force up to ≥ 2.5 M§ [Oppenheimer & Volko ,
1939], and form a neutron star. When the collapsing central core is more massive than ≥ 2.5 M§,
nothing can halt the gravitational collapse and a black hole is formed.
Figure 1.5: An artist’s impression of a low mass BHXRB. Image credit : Rob Hynes.
These black holes can be observationally detected only when they are accreting from a com-
panion star. The gas falling onto the black hole from the companion star forms an accretion
disc and emits strong X-rays, and such systems hence are referred to as black hole X-ray bina-
ries (BHXRBs). The first BHXRB discovered using X-ray and optical observations is Cygnus
X-1 [Bolton, 1972; Webster & Murdin, 1972], which was followed by LMC X-3 [Cowley et al.,
1983] and A0620-00 [McClintock & Remillard, 1986]. Currently, almost 20 galactic BHXRBs are
observed, and many more BHXRB candidates have been proposed.
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1.4.1 Types of black hole X-ray binaries
Depending on the mass of the companion star, the black hole X-ray binaries (BHXRBs) can be
divided in two main categories.
High-Mass black hole X-ray Binary : High-Mass black hole X-ray binaries (HMBHXRBs)
are formed when the companion is a massive early type star (Ø 10M§, e.g. an O- or B- type). In
HMBHXRBs, the companion star loses material in the form of a strong stellar wind which gets
accreted into the black hole. These systems are persistently bright, with ages less than a million
years. They are clustered close to the mid-plane of the Galactic disc. One of the best studied
HMBHXRB source is Cyg X-1.
Low-Mass black hole X-ray Binary : Low-Mass black hole X-ray binaries (LMBHXRBs) are
formed when the mass of the companion star is smaller than the mass of the black hole (≥1M§).
The companion stars of LMBHXRB systems are generally late-type stars. In LMBHXRBs, the
companion star fills the Roche lobe and the material flows through the inner Lagrangian point
and gets accreted to the black hole. These sources are highly transient, changing their X-ray
luminosities by several orders of magnitude at a very small amount of time. Most of the known
BHXRBs are LMBHXRBs.
1.4.2 Spectral evolution of BHXRBs during an outburst
Most of the known black hole X-ray binaries have low-mass counterparts and a transient jet. For
the majority of their lifetime, these sources are in quiescence and have an almost negligible mass
accretion rate. These sources undergo phases of sudden outbursts, in which they follow a series of
spectral state changes. Current multi-wavelength studies have shown a tight connection between
the mass accretion rate and the power of the radio jets during these spectral state transitions.
Figure 1.6 presents a typical transient source during an outburst in the form of a hardness-
intensity diagram, where the source luminosity is plotted against the X-ray spectral hardness.
When the outburst occurs, a BHXRB rises from the quiescence (bottom-right) to the low/hard
state (towards top-right), accompanied by a strong steady jet. When soft emission from the ac-
cretion disc starts to dominate the radiation, the BHXRB begins its transition to the high/soft
state (moves horizontally to top-left). Finally, the radio jet core is quenched to some degree.
As the accretion rate starts to decrease, the BHXRB evolves to the non-thermal steady-jet state
again. The characteristic features of each of the states that the BHXRB goes through during an
outburst are explained below in brief.
Low/Hard state : The low/hard state is typically seen at low luminosities during the beginning
and the end of an outburst. This state is characterized by an optically-thick, steady and compact
jet (Fender 2001). The dominant radiation during this spectral state can be well explained with
Compton scattering of soft X-rays from the accretion disc by the thermal electrons present in the
corona or the hot inner accretion flow. The X-ray spectrum is a hard, non-thermal power-law
of the form n(E)dE Ã E≠ , with a photon index   Ø2. The power-law is generally observed to
have an exponential cuto  extending to Ø100 keV. Strong radio emission originating at the jet is
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Figure 1.6: Schematic representation of the hardness-intensity diagram showing spectral state
evolution of BHXRBs [see, eg. Fender et al., 2004, etc.].
observed. During the outburst, as the mass accretion rate increases, the velocity and the power
of the radio jet also increases [Corbel et al., 2003], while the X-ray hardness stays constant.
High/Soft state : The high/soft state is typically seen when the X-ray spectrum is dominated
by a soft X-ray (Æ10 keV) component. The X-ray spectrum during this state is well described by
the thermal emission from a radiatively e cient, optically-thick and geometrically-thin accretion
disc. The source shows weak X-ray variability. During this state, the jet core is quenched, making
the radio emission almost non-detectable [Russell et al., 2011].
Intermediate state : During the transition from the hard to the soft state, the X-ray spectrum
softens. It is often accompanied by the launch of a discrete, optically-thin, relativistic jet [Mirabel
& Rodriguez, 1994]. While the hard state jets are less relativistic and more continuous; the jets
in the intermediate state are seen to be faster with discrete ejecta.
Quiescent state : For the majority of time, these sources are extraordinarily faint. This is
known as the quiescent state. In this state, a tight correlation has been observed between the
optical and X-ray variabilities [Hynes et al., 2004]. The X-ray spectrum of the quiescent state is
much softer than hard states [Reynolds et al., 2014], hinting at the possibility that the radiative
mechanism in di erent states may be di erent.
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1.5 Disc-jet coupling and black hole grand unification
In the last two sections, we reviewed the basic concepts of the two types of black holes. Although
they have many di erences in their mass, temperature, density, environment and origin; their
central engine is remarkably similar. Both AGN and BHXRBs consist of the same three basic
ingredients : a black hole, an accretion disc, and depending on the state of the black hole, a
relativistic jet. If we consider the radius or the mass of the black hole as the basic scale of the
source, it should be possible to describe the physics in the vicinity of the black holes in a scale
invariant form. The basic idea that accretion phenomena in stellar and supermassive black holes
is similar, has been discussed for a long time [eg. White et al., 1984].
Figure 1.7: Similarities between the black holes in AGN and BHXRBs. Image credit : [Mirabel
& Rodriguez, 1992].
Accretion disc and jet are necessary and symbiotic features in the accretion process onto a
black hole [Falcke & Biermann, 1995]. There is increasing evidence that accretion flow and jet are
coupled and scale invariant. Both BHXRBs and AGN appear to have similar radio morphologies
and identical temporal behaviour of radio emission, which led Mirabel & Rodriguez [1994] to coin
the term ‘Microquasar’. Microquasars are compact objects (stellar-mass black holes and neutron
stars) that mimic many of the phenomena seen in quasars on a smaller scale. While the black
hole in a quasar is several million solar masses, microquasars have a central black hole that is
only 10 to 30 solar masses. The thermal temperature of the accretion disc in a microquasar
is several million degrees, compared to quasar accretion discs that have a thermal temperature
around several thousand degrees. Moreover, the size of the accretion disc in a microquasar is
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hundred thousand km, while quasar accretion disc has a typical size of ≥ 109 km.
Figure 1.8: Radio/X-ray correlation in galactic accreting black holes, showing both the standard
track (solid line), as well as the best-fit line traced by the outliers (dashed line). Image
credit: Corbel et al. [2013].
Supermassive and hard state stellar-mass black hole systems show the presence of a flat
(– ≥ 0≠0.5,where F‹ Ã ‹–) radio spectrum, extending upto infrared and sometimes even optical
wavelengths. This radio emission is associated with partially self-absorbed synchrotron emission
originating at a steady, unresolved, compact jet [Blandford & Königl, 1979]. A tight correlation
has been found between near-simultaneous observations of the radio and the hard X-ray luminos-
ity in stellar-mass black holes, holding over more than five orders of magnitude in X-ray luminosity
[eg. Gallo et al., 2003; Corbel et al., 2003; Gallo et al., 2014, etc.]. The X-ray luminosity probes
the inner regions of the accretion flow/jet. Hence, the correlation between radio and X-ray emis-
sion (LR Ã L≥0.7X ) and their variability suggests a physical connection between the jet and the
emission regions closest to the black hole [eg. Heinz & Sunayev, 2003; Marko  et al., 2003, etc.].
However, it is important to note that the radio/X-ray correlation is dominated by mainly three
black-hole systems (GX 339-4, V404 Cygni and XTE J1118+480).
Although this non-linear correlation holds both for individual sources and universally across
many sources, few black hole systems are found to be ‘radio-faint’ compared to the standard
correlation [eg. Gallo et al., 2012]. The outliers follow a steeper slope [LR Ã L≥1.4X , Coriat et
al., 2011]. Three of these radio-faint systems (H1743-322, MAXI J1659-152 and XTE J1752-223)
were also seen moving horizontally across the radio-Xray plan to rejoin the standard correlation
[eg. Coriat et al., 2011; Jonker et al., 2012; Ratti et al., 2012, etc]. Fig. 1.8 shows the radio/X-ray
correlation in black holes in our galaxy, demonstrating a clear and repeating pattern of disc-jet
coupling in these systems.
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This radio/X-ray correlation is observed on long time-scales. However, there are also indica-
tions of disc-jet coupling operating on shorter time-scales (less than a minute). For example, a
strong correlation is seen in the rapid multi-wavelength (UV, optical and X-ray) variability of the
black hole system XTE J1118+480 [Malzac et al., 2004]. The X-ray emission is associated with
the disc and the corona, while the optical emission is expected to be originated at synchrotron ra-
diation coming from a jet. The connection between inflow and outflow processes is also manifested
in the UV/radio correlation seen in quasars [Falcke, 1996]. Falcke [1996] successfully modeled this
correlation for both radio-loud and radio-weak quasars, using mass and energy conservation in
the jet/disc system of black holes. The hard-state stellar mass black holes could be described
with the same coupled jet/disc model as AGN [Falcke, 1996]. This shows universality of disc-jet
coupling in black holes of the entire mass range.
The amount of synchrotron radiation emitted from a scale invariant jet is also theoretically
shown to depend mainly on the black hole mass and the accretion rate [eg. Falcke & Biermann,
1995; Heinz & Sunayev, 2003]. Moreover, any recent studies have reported scaling relations of the
spectral and variability properties of these two types of black holes [Merloni et al., 2003; Falcke et
al., 2004; Körding et al., 2006, etc.]. Below, we discuss some of the many theoretical arguments
and observational evidences that have been put forward to support scale-invariance of black hole
accretion and relativistic jet physics.
1.5.1 The Fundamental plane of black hole activity
Figure 1.9: Edge on view of the Fundamental Plane. Image credit : Merloni et al. [2003].
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One important relation suggesting scale invariance of black holes is the Fundamental Plane of
black hole activity, discovered independently by Merloni et al. [2003] and Falcke et al. [2004]. It is
an empirical relation connecting hard state BHXRBs and their supermassive analogs, suggesting
that black holes regulate their output similarly across the entire mass scale. It can be well ex-
plained by the theory of synchrotron emitting compact relativistic jets and radiatively ine cient
accretion flows [Blandford & Königl, 1979; Narayan & Yi, 1994].
Observationally, it is a plane made by both the stellar and supermassive black holes, in the
3D space provided by their X-ray luminosity, radio luminosity and black hole mass. It is given by
the relation logLR = 0.60 logLX + 0.78 logM , where LR is the core radio luminosity at 5 GHz,
LX is the 2-10 keV X-ray luminosity and M is the central black hole mass.
1.5.1.1 Interpretation of the fundamental plane
The physical interpretation of the fundamental plane is discussed in detail by both the discovery
papers [Merloni et al., 2003; Falcke et al., 2004]. While the radio luminosity in the fundamental
plane is commonly attributed to be synchrotron emission from a scale-invariant conical jet, the
origin of the X-ray emission can either be optically thin synchrotron emission from the jet [Falcke
et al., 2004] or emission from the hot accretion flow [Merloni et al., 2003].
Figure 1.10: A schematic jet spectrum, with its theoretically expected mass and accretion rate
scaling. The flat-to-inverted, optically thick spectrum below a turn-over frequency ‹t
is mostly seen in the radio/infrared, and is attributed to superposition of synchrotron
emission coming from di erent unresolved regions along the jet. The steep, optically
thin spectrum above the turn-over frequency ‹t is generally seen in the optical and
X-rays, and originates from electrons present in the first acceleration region in the
jet. Image credit : Falcke et al. [2004].
In the first-order approximation, the jet spectrum can be roughly approximated by a broken
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power-law. At lower radio frequencies, the spectrum of a compact radio core can be described by
a flat-to-inverted radio spectrum up to a turn-over frequency ‹t [Blandford & Königl, 1979; Fal-
cke & Biermann, 1995]. This flat spectrum can be explained by the superposition of synchrotron
emission coming from di erent unresolved regions along the jet. At higher frequencies we look
deeper into the jet. At a specific frequency (‹ ≥ ‹t), the optically thick, flat-to-inverted, highly
self-absorbed synchrotron spectrum turns over to the optically thin power-law. This turn-over
frequency occurs when the innermost part of the jet becomes optically thin, and hence determines
the location of the initial acceleration region in the jet. The power-law spectrum seen at higher
frequencies results from optically thin emission coming from the electrons present in the initial
acceleration region in the jet.
Starting from the assumption that the radio jet expands freely in a conical shape while main-
taining a fixed equipartition factor, and the distance of the first particle acceleration zone scales
linearly with mass, Falcke & Biermann [1995] scale the bulk power of radio jets with the accre-
tion power from the standard Blandford & Königl [1979] theory for compact radio cores. They
predict scaling laws for this type of jet spectrum as a function of mass and jet power (Qj). Simple
analytic theory discussed in Falcke & Biermann [1995], taking into account both the Blandford
& Königl [1979] theory and mass- and energy conservation of the disc-jet system, shows that the
the turnover frequency and the flux at the turnover depends on the jet power as
‹t Ã Q2/3j M≠1• and Ft Ã Q17/12j .
This implies that the radio and x-ray luminosity at two fixed reference frequencies (‹R and
‹X), will depend on the jet power and mass as
LR Ã Q
17
12≠ 23–R
j M
–R•
‹
‹R
–R for ‹ < ‹t and
LX Ã Q
17
12≠ 23–X
j M
–X•
‹
‹X
–X for ‹ > ‹t.
Combining these two equations, we find the expected black hole fundamental plane equation
LX Ã LmRM–X≠m–R•
where
m =
17
12 ≠ 23–X
17
12 ≠ 23–R
·
It is important to note that this is a first-order approximation of an otherwise complicated case
of black hole disc-jet physics. Many di erent parameters may a ect this correlation. For example,
dependency of the correlation on doppler beaming of the jet, source-to-source variations in the
turn-over frequency, di erent spin parameters of the central black hole, lack of knowledge in which
wavelength belongs to which branch of the jet SED for di erent sources, non-simultaneous obser-
vation of the X-ray and radio luminosity for a single source, etc. We expect these uncertainties
to increase the scatter of the sources around the plane.
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1.5.2 The optical Fundamental plane of black hole activity
Figure 1.11: Edge on view of the optical Fundamental Plane. Image credit : Saikia et al. [2018].
In this thesis, I have discovered the black hole fundamental plane in the optical band, using
the forbidden [OIII] emission line luminosity as an indirect tracer of accretion rate, instead of
the previous X-ray luminosity [Saikia et al., 2015]. We use a complete sample of 39 supermassive
black holes selected from the Palomar Spectroscopic Survey and select a sample of the best-studied
stellar mass XRBs. We find an optical plane relation given by logLR = 0.83 logLOIII+0.82 logM
using supermassive black holes only, and the BHXRBs statistically agree with this plane when
their mass is accounted for. Including the X-ray binaries in the analysis, the fundamental plane
in X-rays was reproduced as logLR = 0.64 logLX + 0.61 logM .
1.5.3 The Variability Plane of black holes
Black holes of the entire mass range are highly variable at X-ray wavelengths. The power spectral
density of the X-ray light curves of both AGN and soft-state BHXRBs look remarkably similar,
and can be described by a broken power-law (P(‹) Ã ‹–, where – is the power law index). At
lower fourier frequencies, the power law index is typically ≥-1, which steepens to a power law
index of ≥-2 at a characteristic timescale. This characteristic timescale depends on both the black
hole mass and the mass accretion rate.
McHardy et al. [2006] have discovered the presence of a variability plane in the parameter
space given by the black hole mass, accretion rate and the characteristics timescale of AGN and
soft-state BHXRBs. Körding et al. [2007] later extended the variability plane to include hard-
state BHXRBs and weakly accreting neutron stars. Casella et al. [2008] has shown that the black
holes in ultraluminous X-ray sources also follow this plane.
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Figure 1.12: The predicted break timescales (TB in days), obtained using bolometric luminosities
(Lbol in erg/s), black hole masses (MBH in units of solar mass) and the best fit
relationship from a combined sample of AGN and XRBs (given as log TB = 2.1
logMBH - 0.98 logLbol - 2.32), agree well with the observed break timescales. GRS
1915+105 is shown as a maroon star, Cyg X-1 as blue crosses, 10 AGN as red circles
and upper limits as filled green squares. Image credit : McHardy et al. [2006].
1.5.4 RMS-flux relation in accreting systems
Uttley & McHardy [2001] discovered that the BHXRB Cygnus X-1 displays a positive linear
relation between the amplitude of the broadband noise and the X-ray flux. This is known as
the rms-flux relation, and can be explained by a propagating fluctuation model, such as that
suggested by Lyubarskii [1997].
According to the fluctuation model, slow accretion rate fluctuations arising in the outer part of
the accretion disc propagate inward, where they combine with the progressively faster fluctuations
that are generated in the inner part of the disc at a smaller annuli [Uttley & McHardy, 2001].
This modulation implies that the flux distribution from the source should be log-normal [Uttley
et al., 2005], and this log-normal flux distribution has actually been observed in various stellar
and supermassive black holes [see eg. Gleissner et al., 2004; Uttley et al., 2005, etc.].
Initial discovery of the rms-flux relation was based on observations of one black hole XRB
(Cyg X-1) and one neutron star XRB (SAX 1808.4-3658) [Uttley & McHardy, 2001]. Since then,
it has been found in various BHXRBs [Gleissner et al., 2004], ultraluminous X-ray sources [Heil
& Vaughan, 2010], seyferts [McHardy et al., 2004], blazars [Edelson et al., 2013], accreting white
dwarfs [Scaringi et al., 2012] and even in young stellar objects [Scaringi et al., 2015].
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Figure 1.13: The left panel shows the rms-flux relationship for the Seyfert galaxy NGC 4051
[McHardy et al., 2004], while the right panel shows the same relation for the BHXRB
Cyg X-1 [Uttley & McHardy, 2001].
1.5.5 Hardness intensity and disc fraction luminosity diagrams (DFLD)
Figure 1.14: Average radio loudness, which estimates the jet activity, as a function of the position
on the disc-fraction luminosity diagram (DFLD). The left panel shows the disc-
fraction luminosity diagram constructed with a SDSS AGN sample together with a
LLAGN sample. The right panel shows the results of a Monte Carlo simulation of
the DFLD using 100 XRB outbursts. Image credit : Körding et al. [2008].
The accretion states in BHXRBs are often identified using hardness-intensity diagrams, where
X-ray intensity is plotted against the X-ray hardness. The X-ray hardness compares the blackbody
flux to the power-law flux. This diagram is easy to construct in XRBs, as both the blackbody
emission (coming from accretion disc) and the power-law contribution (coming from the jet emis-
sion or comptonziation) are in the X-ray band. As the AGN accretion disc emission generally lies
in the optical or UV band, it is hard to construct such a diagram for the supermassive black holes.
Körding et al. [2008] proposed a generalized hardness measure for the AGN population by
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comparing the power law flux to the total flux (sum of the power law flux and accretion disc flux).
While the power-law flux in AGN is generally obtained in the X-ray band, the disc emission comes
in optical or UV bands. Using this generalization, they constructed the disc-fraction luminosity
diagram (DFLD) as an analogy to the hardness intensity diagrams of the XRBs.
1.5.6 Jet break frequency
Figure 1.15: The left panel shows the jet break frequency as a function of the X-ray power-law
photon index. The same data is shown in the right panel after correcting the jet
breaks for beaming. The XRBs are shown in black circles and vertical bars, while
AGN are shown in green triangles. The shaded regions show the confidence intervals.
Image credit : Koljonen et al. [2015].
The flat or slightly inverted radio spectrum coming from a compact jet often shows a break
at some higher frequency. This jet break happens either at the location of shocks where particles
are accelerated, or at the base of the jet where the optical depth becomes lower. The jet break
frequency is dependent on magnetohydrodynamical processes in the outflow.
Recently, a correlation was discovered between the jet break frequency and the X-ray power-
law photon index of the corona [Koljonen et al., 2015]. This correlation was established from a jet
break frequency range spanning five orders of magnitude, obtained with sources that span nine
orders of magnitude in black hole mass. It reveals another striking similarity of jet properties in
stellar and supermassive black holes.
1.6 This thesis
In this thesis I study the accretion flow and the relativistic jets from supermassive black holes,
and explore their connection with the stellar mass black holes.
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I use archival data to discover the fundamental plane of black hole activity in the optical
band. Using the optical fundamental plane discovered, I propose a new and independent method
of constructing the Lorentz factor distribution of relativistic jets in Blazars. I also discuss the
practicalities and concerns of using 1.4 GHz FIRST radio fluxes to trace nuclear jet activity.
Finally, I conduct a high-resolution and high-frequency VLA radio survey of compact cores in
low-luminosity active galactic nuclei in the local universe, and study their properties.
In Chapter 2, we use a sample of 39 low-luminosity AGN selected from the Palomar Spectro-
scopic Survey and the 4 best-studied stellar mass X-ray binaries in the low/hard state to report
the discovery of a fundamental plane of black hole activity in the optical band, with the nuclear
[OIII] emission line luminosity as a tracer of accretion rate. We also reproduce the established
Fundamental Plane of Black Hole activity in X-rays and show for the first time that this plane can
be obtained with the supermassive black hole sample alone and the X-ray binaries statistically
follow the same relation.
In Chapter 3, we show that the fundamental plane can be used to provide insights on impor-
tant underlying distributions of relativistic jet parameters in di erent AGN classes, like blazars.
We present a new and independent method of constructing the blazar Lorentz factor distribution
using the optical fundamental plane of black hole activity, and also discuss the viewing angle
distribution of the blazar sample.
In Chapter 4, we study a large sample of 10149 AGN on the optical fundamental plane, ob-
tained by cross-correlating the AGN samples in SDSS survey and 1.4 GHz VLA FIRST catalogue.
We show that 1.4 GHz FIRST fluxes do not trace pure AGN nuclear activity, and is rather heavily
contaminated by environmental and other non-nuclear factors.
Finally in Chapter 5, we present a high resolution and high frequency (15 GHz) radio imaging
survey of 75 previously undetected LLAGNs with the Very Large Array. We show that compact,
pc-scale radio emission has been detected in 60 % (45 of 75) of low-luminosity active galactic
nuclei, comprising low-ionization nuclear emission-line region (LINER) nuclei and low-luminosity
Seyfert galaxies. We find conclusive evidence that the nuclear 15 GHz radio luminosity function
(RLF) of all detected Palomar Sample LLAGN have a turnover at the low-luminosity end.
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The Fundamental Plane of Black
Hole Activity in the Optical Band
Payaswini Saikia, Elmar Körding and Heino Falcke
Mon. Not. R. Astron. Soc., 2015, 450, 2317
Abstract
Black hole accretion and jet formation have long been thought to be scale invariant.
One empirical relation suggesting scale invariance is the Fundamental Plane of Black
Hole activity, which is a plane in the space given by black hole mass and the radio/X-
ray luminosities. We search for an alternative version of this plane using the luminosity
of [OIII] emission line instead of X-ray luminosity. We use a complete sample of
39 supermassive black holes selected from the Palomar Spectroscopic Survey with
available radio and optical measurements and information on black hole mass. A
sample of stellar mass X-ray binaries has also been included to examine if physical
processes behind accretion is universal across the entire range of black hole mass. We
present the results of multivariate regression analysis performed on the AGN sample
and show that the sample stretches out as a plane in the 3D logarithmic space created
by bolometric luminosity, radio luminosity and black hole mass. We reproduce the
established Fundamental Plane of Black Hole activity in X-rays. We show that this
plane can be obtained with the supermassive black hole sample alone and the X-ray
binaries agrees to the found relation. We also discuss radio loudness of various classes
of low-luminosity AGN in view of our fundamental plane.
2.1 Introduction
Accretion physics is thought to scale globally across black holes of di erent mass scale ≠ from
millions of solar masses Supermassive black holes (SMBH) to ≥10 solar masses stellar X-ray
binaries (XRBs).
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Many theoretical arguments and observational evidences have been put forward to support
scale-invariance of black hole accretion and relativistic jet physics. The amount of synchrotron
radiation emitted from a scale invariant jet is theoretically shown to depend both on the black hole
mass and the accretion rate [eg. Falcke & Biermann, 1995; Heinz & Sunayev, 2003]. The obser-
vational evidence supporting the same is the fundamental plane of black hole activity connecting
XRBs and AGN. It is a non-linear empirical correlation in the space given by the black hole mass,
the radio luminosity and the X-ray luminosity with high statistical significance [Merloni et al.,
2003; Falcke et al., 2004]. The radio luminosity is used in the fundamental plane relation as a
probe for the AGN jet [Blandford & Königl, 1979] while the X-ray emission is taken to be a tracer
for accretion rate.
In this study, we use the forbidden [OIII] emission line luminosity as an indirect tracer of
accretion rate instead of X-ray luminosity and re-establish the fundamental plane relation for
black hole activity. Generally, X-ray luminosity is a better proxy for the bolometric luminosity
and accretion rate, but they are costly to obtain and hence are not easily available. The [OIII]
luminosity, on the other hand, can be measured by ground-based observations and hence is easily
available. In addition, as the Narrow Line Region extends far beyond the central source, torus
obscuration of the [OIII] emission line is minimized compared to X-ray emission. Moreover,
spectral index variations are less of an issue while using the [OIII] line luminosity. In general,
[OIII] lines are strong, easy to detect and are known to be relatively weak in metal-rich, star-
forming galaxies. Hence, the emission line [OIII]⁄5007 (2s22p2 1D2 - 2s22p2 3P2) is commonly
used as a surrogate for the bolometric luminosity [eg. Heckman et al., 2004; Falcke et al., 1995]
and as a tracer of the nuclear luminosity [eg. Kau mann et al., 2003]. Using this [OIII] emission
line luminosity as a proxy for the accretion rate and the 15 GHz radio luminosity as the tracer
for jet emission, we have examined the disc-jet connection in black holes of di erent masses by
investigating their correlations. Later we convert the [OIII] luminosities of the supermassive black
holes to X-ray and Bolometric luminosities in order to compare them with the smaller mass X-ray
binaries.
We use a complete sample of 39 supermassive black holes and a selected sample of the best-
studied stellar mass X-ray binaries for this work. The sample is described in Section 2.2. In
Section 2.3, we present multivariate regression analysis results of the supermassive black hole
plane in [OIII]. We reproduce the fundamental plane of black hole activity in Section 2.4 and
introduce the bolometric fundamental plane in Section 2.5. Finally in Section 2.6, we discuss our
results and present the conclusions of this study in Section 2.7.
2.2 Sample Selection
2.2.1 Supermassive black holes
To study the general properties of accretion, it is preferred to have a complete sample of galaxies
covering a broad range of spectral types, luminosities and morphological types. For the entire
sample, information on velocity dispersion, radio luminosity and [OIII] line luminosity are required
to estimate the black hole mass, jet emission and accretion rate respectively. The best currently
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available complete sample in the northern hemisphere is the Palomar Spectroscopic Survey [Ho et
al., 1995], comprising the nuclear region of 486 nearby galaxies with B· < 12.5 mag. The SMBH
sample used for this study has been extracted from this Palomar Survey and hence is mainly
targeted on the low-luminosity AGN.
Several multi-wavelength surveys have been performed on the Palomar Sample. Radio lumi-
nosities for this study, which are needed as an estimate for the jet emission, have been taken from
the high resolution radio survey of all LLAGNs and AGNs in the Palomar sample, presented by
Nagar et al. [2005]. From the Palomar survey, Nagar et al. [2005] selects all 403 galaxies with
nuclear emission lines - 206 of these nuclei have H II region type spectra, and the rest 197 are the
AGN.They report 197 VLA 15 GHz and 44 VLBI 5 GHz flux measurements. For this analysis, we
need the nuclear radio luminosity and hence we need the flat-spectrum radio cores in our galaxies.
Therefore, we use only the VLA data as the VLA survey gives higher frequency luminosities and
hence is designed to pick up galaxies with a flat spectrum radio core.
The [OIII] line luminosities, used in the study as a tracer of the accretion rate, have been taken
from Ho et al. [1997], where spectroscopic properties and parameters for 418 AGN and their host
galaxies are presented. It is important to note that the [OIII] emission line can be attenuated by
dust within the host galaxy. The observed [OIII] luminosity can be corrected for this extinction
by using the Balmer decrement
LcOIII = LOIII
3(H–/H—)obs
3.0
42.94
, (2.1)
where the intrinsic Balmer decrement is taken to be 3.0 [eg. Osterbrock & Ferland, 2006]. The
black hole mass estimate can be obtained through the established empirical relation between
black hole mass and central stellar velocity dispersions. For this study, we use the stellar velocity
dispersions presented in Hovatta et al. [2009] to derive the black hole masses. These velocity
dispersions are calculated using the same spectra. The equation we use to determine mass from
velocity dispersion is [McConnell et al., 2011]
log
MBH
M§
= 8.29 + 5.12log10
‡
200km/s. (2.2)
We restrict our final sample to the galaxies which have available data in 15 GHz radio lumi-
nosity, [OIII] emission line luminosity and black hole mass; yielding a sample of 101 galaxies.
This restriction introduces observational bias in the sample. In order to properly constrain the
parameters of the proposed correlation, we exclude the upper limits from our final dataset. We
later perform partial Kendall · correlation test to check for the significance of the plane and find
that the underlying correlation exists even in the presence of the upper limits.
Removing the upper limits reduces the sample size to 39 supermassive black holes, comprising
20 LINERS, 12 Seyferts and 7 Transition galaxies. The final sample can be morphologically
classified as 7 Ellipticals, 18 Spirals, 1 Irregular and 13 Lenticulars. This is the complete sample
of AGN from the optically-selected Palomar survey of all northern galaxies, showing AGN-like
spectra and having detected radio and [OIII] line luminosities.
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2.2.2 Stellar black holes
A homogeneous sample of black holes covering the entire black hole mass range is required to
study general properties of accretion. Hence, we include stellar mass galactic black holes to our
sample of supermassive black holes. Stellar mass XRBs are classified into di erent states ac-
cording to their accretion - the low hard, the high soft and the intermediate states [Remillard &
McClintock, 2006]. The radio spectrum in the low/hard state is consistent with the spectra of a
steady jet [Fender et al., 2004] while radio emission seems to be quenched in the high/soft state
[Fender et al., 1999; Corbel et al., 2000].
X-ray Binaries in the low/hard state follow a universal correlation between the radio and X-
ray luminosity of the form LR Ã L0.7X [Gallo et al., 2003], dominated by the observations of GX
339-4 and V404 Cyg. For our study, we take a selected sample of the best-studied X-ray Binaries
in the hard state. This study does not use the ‘radio-quiet’ XRBs forming the ‘outlier track’ of
the universal radio/X-ray correlation [eg. Coriat et al., 2011; Gallo et al., 2012, etc.].
GX 339-4: Data presented in Corbel et al. [2003] as 88 quasi-simultaneous radio and X-ray
observation from a long-term campaign of GX 339-4 in the low/hard state, has been used for this
study. GX 339-4 is believed to have a black hole with a mass > 5.8 M§ [Hynes et al., 2003]. The
distance to GX 339-4 is taken to be 8 Kpc [Zdziarski et al., 2004].
V404 Cyg: We use the VLA radio and Chandra X-ray observations of V404 Cyg in the hard
state, as reported in Corbel et al. [2008] for this study. The distance to this source is taken to be
3.5 Kpc [Zycki et al., 1999] while the black hole mass is taken as 10 M§ [Shahbaz et al., 1996].
XTE J1118+480: The X-Ray transient XTE J1118+480 at it’s hard state is also included in
the XRB sample. The radio and X-ray luminosities are directly taken from the compilation in
Merloni et al. [2003].
A0620-00: Finally, we also include the simultaneous Chandra X-ray and VLA radio observation
of A06200-00 in the hard state, as reported in Gallo et al. [2006]. This source has a black hole
of mass 11.0±1.9 M§ [Gelino et al., 2001] and lies at a distance of 1.2±0.4 Kpc [Shahbaz et al.,
1994; Jonker & Nelemans, 2004].
2.3 Fundamental plane in [OIII]
The final sample of supermassive black holes stretches out in a plane in the three-dimensional
logarithmic space defined by the 15 GHz radio luminosity, [OIII] line luminosity and black hole
mass. The resulting plane is obtained with some scatter owing to various measurement errors and
intrinsic variability of sources.
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Figure 2.1: Projection of the Optical Fundamental Plane with Supermassive Black Holes. Lumi-
nosities are given in erg/s while the masses are in the unit of solar mass.
2.3.1 Multivariate Regression Analysis
We perform a Multivariate Correlation Linear regression analysis on the data to estimate the
parameters for the plane. Standard chi-square fits used for analysis yield asymmetric results as it
can not consider the scatter in all variables [eg. Fasano & Vio, 1998]. Hence, we use the modified
chi-square estimator known as merit function, as uncertainties are present in all the required
measurements. The merit function is defined as
‰2(a, b) =
ÿ
i
(yi ≠ b≠q
j
ajxij)2
‡2yi +
q
j
(aj‡xij )2
, (2.3)
where ‡xij and ‡yi are the respective uncertainties. Here yi denotes the [OIII] line luminosities, x1j
the radio luminosities at 15 GHz and x2j the black hole masses. The linear regression coe cients
aj and the zero intercept b are the unknown parameters that can be found by minimizing ‰2.
It is not possible to minimize the merit function analytically as the equation is nonlinear in
aj . But we can analytically solve for the constant b and then a simple numerical optimization
routine can be used to find the parameter ajs.
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2.3.2 Error budget
To correctly extract the parameters of the plane, it is crucial to estimate the errors cautiously
for each variable. It has been observed that the resulting parameters of the fundamental plane
correlation depend strongly on the choices of assumed uncertainties in the data [Körding et al.,
2006].
Uncertainty in luminosity depends on both flux and distance measurements. Errors in radio
and optical fluxes are di erent for each data point, and are usually very low - less than 10%. For
this analysis, we use a typical value of 0.05 dex as the uncertainty in flux. Errors in distance
measurement typically range from 0.1 to 0.4 dex. We adopt an uniform value of 0.15 dex for our
distance uncertainty.
In addition to these, we include an intrinsic scatter term whose exact magnitude is chosen to
ensure that the reduced merit function is unity. For the SMBH plane, we get an intrinsic scatter
of 0.35dex. It gets further reduced to 0.2 dex for the combined plane obtained with the complete
black hole sample of SMBH and XRBs. This scatter term takes into account various factors like
source peculiarities, non-simultaneous measurements of radio and optical flux of AGN, e ects of
spin, beaming statistics, absorption etc.
We estimate the SMBH masses from the available velocity dispersions using the M-‡ relation.
Merritt & Ferrarese [2001] give an absolute scatter of 0.34 dex for this relation, which can be used
as a measure of the uncertainty for the SMBH mass estimate.
2.3.3 Correlation Tests
We perform the Kendall Tau Correlation Test on our SMBH sample to statistically verify the
significance of the plane. The Kendall tau value is a measure of the correlation between the
specified measurements. For the LR-LOIII -M plane defined by the sample, we get a Kendall Tau
coe cient value of · = 0.67 (with the probability for null hypothesis as Pnull ƒ 1.3◊ 10≠9). For
the plane obtained with extinction-corrected [OIII] luminosities (see Fig 2.1), we obtain · = 0.66
(with Pnull ƒ 2.8◊ 10≠9).
It is also important to statistically check for spurious e ects in Luminosity-Luminosity plots
due to their common dependence on distance. Kendall Tau Partial Correlation analysis was
performed with distance as the third variable. The correlation was found to be real even after
taking into account the large range of distance (· = 0.48, with Pnull ƒ 3.9◊ 10≠3).
As mentioned, the sample size substantially increases from 39 to 101 galaxies, if upper limits
are included in the dataset. In order to assess the significance of the apparent correlations in the
presence of upper limits, we have adopted the method proposed by Akritas & Siebert [1996], using
which a Partial Kendall Tau correlation test can be performed in the presence of censored data.
Applying this test to our data, we find a Partial Kendall · value of 0.36 (with Pnull ƒ 4.4◊10≠12)
showing that although the significance of the plane reduces while taking into account the upper
limit data, a real underlying correlation indeed exists.
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2.3.4 Results
After statistically verifying the significance of the plane, we use the merit function to estimate
the plane equation. We obtain the best fit coe cients for the function
log LR = ›RO log LcOIII + ›RM log M + bR ,
where ›RO and ›RM denote the respective correlation indices and bR is the constant o set.
We perform the multivariate regression analysis on the complete sample of SMBH using [OIII]
line luminosity as an estimate of mass accretion, and obtain the best fit plane described by
log LR = (0.83±0.38) log LOIII + (0.82±0.30) log M .
On the other hand, using the extinction-corrected [OIII] luminosities, we get a plane with di erent
parameters
log LR = (0.42±0.16) log LcOIII + (1.09±0.22) log M
2.4 Reproducing the Fundamental Plane in X-rays
To reproduce the established Fundamental Plane of Black Hole activity [Merloni et al., 2003;
Falcke et al., 2004] we have included XRB data to our sample. The fundamental plane of black
hole activity is a plane in the space given by black hole mass and the radio/X-ray luminosities,
in the form of
log LR = ›RX log LX + ›RM log M + bR .
2.4.1 Using observed [OIII] luminosity
The SMBH [OIII] emission line luminosity is converted to X-ray luminosity with the relation
proposed by Heckman et al. [2005] (hereafter H05), which states that the hard X-ray (3-20 keV)
and [OIII] line luminosities are well-correlated with the mean value for log (L3≠20keV /LOIII) as
2.15 dex.
As the X-ray range used for our study is 2-10 keV, it is required to modify the Heckman
relation of L3≠20keV /LOIII to a correlation between luminosities of 2-10 keV and luminosities of
[OIII] emission line to ensure consistency. To find the needed correlation, we use the hard X-ray
selected sample of 47 local AGN used in H05. For 23 of these galaxies, 2-10 keV luminosities are
provided in H05. 12 more galaxies of the sample have their 2-10keV range luminosities recorded
in CAIXA - XMM Newton catalogue [Bianchi et al., 2009]. We compile the luminosities in 2-10
keV range for the complete sample, whenever available. As the photoelectric absorption e ects
are more significant in the 2-10 keV band compared to the 3-20 keV specially for the Type 2
AGNs which can have high absorbing column densities, we exclude them from the sample. We
investigate the correlation of the X-ray (2-10 keV) and [OIII] line luminosities for the Type 1
AGNs of the sample and find the mean value for log (L2≠10KeV /LOIII) as 1.81 dex. With this
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Figure 2.2: Projection of the Fundamental Plane. In the top plot, SMBH sample is shown in red
with the red solid line depicting the best-fit line for the SMBH sample. The XRB
sample is put on the graph as blue dots without fitting. In the bottom plot, we show
the combined fit for the complete sample including both the SMBH and the XRB
sample. The blue line is the obtained best-fit line. Luminosities are given in erg/s
while the masses are in the unit of solar mass.
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Figure 2.3: Same as Fig 2.2, but with X-ray luminosity obtained from the relation proposed by
L09.
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conversion factor, we estimate the luminosity of our SMBH sample at 2-10 keV range.
We first fit only the supermassive black hole sample and obtain a relation
log LR = (0.83±0.38) log LX + (0.82±0.30) log M - 3.08 .
Extrapolating this relation to lower black hole masses and putting the XRB data in the plot
without fitting it, we find that the stellar mass black hole are consistent with the plane found
with only the supermassive black holes (see Fig 2.2). Fitting the XRBs along with the SMBH
sample yield results that are in agreement with the relation found with only SMBH, within the
errors. This combined fit results in a plane defined by the parameters ›RX = 0.6±0.4 and ›RM=
0.6±0.2.
This plane is also in agreement with the fundamental plane of black hole activity reported
in previous studies. For a sample consisting of XRBs, SgrA, LLAGN, Seyferts and Transitions
galaxies, Körding et al. [2006] has reported the plane parameters as ›RX = 0.53±0.10 and ›RM
= 0.71±0.19, while Merloni et al. [2003] reports their plane parameters after taking high-state
objects into account as ›RX = 0.60±0.11 and ›RM = 0.78±0.10.
2.4.2 Using extinction-corrected [OIII] luminosity
Lister et al. [2009] (hereafter L09) also investigates for a correlation between [OIII] and X-ray
luminosities, but unlike H05 they use extinction-corrected [OIII] line luminosities. They report a
linear correlation between LX and LcOIII , which is given by
log LX1042erg/s = (1.11±0.10) + (1.02±0.06) log
LcOIII
1042erg/s .
We see that the correlation coe cients of the plane changes considerably when extinction-
corrected [OIII] luminosities are used to obtain the X-ray luminosities. We obtain the best fit
coe cients as ›RX = 0.40±0.15 and ›RM = 1.08±0.22 for the SMBH sample only, and ›RX =
0.54±0.10 and ›RM = 0.69±0.12 for the combined fitting of the SMBH and the XRB sample,
yielding a plane defined by
log LR = (0.54±0.10) log LX + (0.69±0.12) log M .
As seen by the bootstrapping error range and chi-square maps (see Fig 2.4), the fundamental
plane obtained from SMBH using extinction-corrected [OIII] luminosities is better-constrained.
But strangely in this case the stellar mass black hole data do not agree completely to the fit
obtained only with the SMBH sample, although a combined fit of the complete sample does re-
produce the fundamental plane. The plots can be seen in Fig 2.3.
In Fig 2.4, we show our results as ‰2 confidence ellipses traced out by variation of c in the
(a, b) parameter space. The model used has two degrees of freedom and hence the 1‡ confidence
region is given by  ‰2 = 2.3. Similarly,  ‰2 = 6.18 and  ‰2 = 11.83 represent the 2‡ and 3‡
confidence regions, respectively. Here, the contours represent 1, 2 and 3 sigma confidence levels.
As shown in the ‰2 confidence maps, while the parameters obtained from fitting only the SMBH
gives us a 3‡ result, the combined fit of the complete sample including both SMBH and XRB
gives much better constrained parameters.
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Figure 2.4: ‰2 confidence ellipses for the observed correlation coe cients ›RX and ›RM , depicting
1, 2 and 3 sigma confidence levels (Green - only SMBH, Red - both SMBH and XRB).
The first plot is for X-ray luminosity obtained from Heckman relation, while the second
one is for Lamastra-obtained X-ray luminosity.
2.5 Bolometric Fundamental Plane
To compare the X-ray binaries to our sample of SMBHs, bolometric luminosity can also be used
as the estimate for accretion rate. The relation then becomes
log LR = ›RB log Lbol + ›RM log M + bR .
The bolometric luminosity of XRB is taken to be 5 times of the X-ray luminosity. For SMBH,
the [OIII] line luminosity can be used as an estimate of the bolometric luminosity of the nuclear
source. Di erent bolometric correction factors have been proposed by di erent authors.
Heckman et al. [2004] has reported the bolometric correction factor as Lbol/LOIII ≥ 3500,
with a variance of 0.38 dex for uncorrected LOIII . This relation was obtained using a sample
dominated by powerful AGN (LOIII ≥ 106.5 ≠ 109L§). They have later extended the sample to
lower luminosity AGN and have reported no evidence for systematic luminosity dependence on
bolometric correction. But in a more recent study, Lister et al. [2009] has proposed bolometric
correction factor to be luminosity dependent. The bolometric correction factor for extinction
corrected [OIII] line luminosity is reported to be 87, 142 and 454 for [OIII] emission luminosity
ranges of log LOIII (in erg s≠1) = 38-40, 40-42, 42-44, respectively [Lister et al., 2009].
With these two conversions, we check for the best-fit coe cients for the SMBH sample only
and find that while the bolometric luminosity obtained from the Heckman relation yields ›RB =
0.83±0.38 and ›RM = 0.82±0.30, the bolometric luminosity calculated with the Lamastra relation
results in ›RB = 0.60±0.14 and ›RM = 1.34±0.19. A Kendall Tau correlation test verifies the
statistical significance of the plane. For the former plane obtained with Heckman relation, we
obtained a Kendall Tau coe cient value of · = 0.56 (with the probability for null hypothesis as
Pnull ƒ 5.1 ◊ 10≠7) while the plane obtained with Lamastra relation gives a Kendall Tau coe -
cient value of · = 0.66 (Pnull ƒ 2.8◊ 10≠9).
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Figure 2.5: Projection of the Bolometric Fundamental Plane. In the top plot, SMBH sample is
shown in red with the red solid line depicting the best-fit line for the SMBH sample.
The XRB sample is put on the graph as blue dots without fitting. In the bottom plot,
we show the combined fit for the complete sample including both the SMBH and the
XRB sample. The blue line is the obtained best-fit line. Luminosities are given in
erg/s while the masses are in the unit of solar mass.
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Figure 2.6: Same as Fig 2.5, but with Bolometric luminosity obtained from the relation proposed
by L09 using extinction-corrected [OIII] luminosity.
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Figure 2.7: ‰2 confidence ellipses for the observed correlation coe cients ›RB and ›RM of the
Bolometric fundamental planes (Green - only SMBH, Red - both SMBH and XRB),
depicting 1, 2 and 3 sigma confidence levels.The first plot is for X-ray luminosity
obtained from Heckman relation, while the second one is for Lamastra-obtained X-ray
luminosity.
Although a combined fit of the complete sample produces a bolometric fundamental plane
relation, but individually the XRBs are incompatible with the bolometric plane stretched out by
only the supermassive black holes (see Fig 2.5 and Fig 2.6), specially if the conversion of SMBH
[OIII] luminosity to bolometric luminosity is obtained from extinction-corrected line luminosity
using a luminosity-dependent conversion factor.
2.6 Discussion
2.6.1 Recovering the Fundamental Plane of black hole activity
We recover the fundamental plane of black hole activity with our sample by converting the [OIII]
line luminosities to respective X-ray luminosities in the 2-10 keV range. We use two di erent
approaches to convert the [OIII] line luminosities to X-ray (2-10 keV) luminosities - one using
the H05 relation and the other using the L09 relation with extinction-corrected [OIII] luminosity.
With both these approaches, we perform a combined fit of the supermassive and stellar black hole
sample. We find that the plane parameters in both these cases agree to the fundamental plane
of black hole activity, within the errors. The parameters for the planes obtained are reported in
Table 1.
Using the H05 relation to do the necessary conversion, we also show that the stellar mass
black holes completely agree to the best-fit plane of the supermassive sample when extrapolated
to lower black hole mass range, even without fitting the stellar mass sample. The combined fit of
both supermassive and stellar mass black hole (with H05 conversion) gives a plane
log LR = (0.64±0.39) log LX + (0.61±0.22) log M .
The correlation coe cient found for low/hard state X-ray binaries (›RX ¥ 0.7) by Gallo et al.
[2003] is consistent within the errors to the value obtained in our combined plane (›RX ¥ 0.64).
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Table 2.1: Recovering the Fundamental plane of black hole activity for the complete sample. The
values reported are the parameters for the plane relation log LR = ›Ra log La + ›RM
log M .
Plane ›RX ›RM Kendall · Pnull
Fundamental plane
(La = LX)
Merloni et al. [2003] 0.60 0.78
F Plane (H05) 0.64 0.61 0.872 < 1◊ 10≠10
F Plane (L09) 0.54 0.69 0.877 < 1◊ 10≠10
Plane in [OIII]
(La = LOIII)
[OIII ] Plane 0.83 0.82 0.67 1.3 ◊10≠9
[OIII]c Plane 0.42 1.09 0.66 2.8 ◊10≠9
Bolometric Plane
(La = Lbol)
B Plane (H05) 0.62 0.53 0.875 < 1◊ 10≠10
B Plane (L09) 0.54 0.67 0.872 < 1◊ 10≠10
This further strengthens our hypothesis that black holes of entire mass range follow these global
plane parameters.
2.6.2 Discussing the Fundamental Plane in [OIII]
This study gives a relation between the [OIII] line luminosity of a galaxy hosting a supermassive
black hole, it’s accretion rate and the mass of the black hole. The plane stretched in the 3D
logarithmic space given by the radio and [OIII] luminosity as well as black hole masses follows
the relations
log LR = (0.83±0.38) log L[OIII] + (0.82±0.30) log M ,
log LR = (0.42±0.16) log Lc[OIII] + (1.09±0.22) log M .
For radiatively ine cient accretion flow, as a first order approximation, analytical scaling of
radio luminosity with mass accretion rate is empirically shown to be LR Ã m˙1.4 [Blandford &
Königl, 1979; Falcke & Biermann, 1995; Körding et al., 2006]. Using this relation, one can find
a rough dependence of [OIII] emission line luminosity on mass accretion for supermassive black
holes as
L[OIII] Ã m˙1.68M0.69 .
On the other hand, this study shows that the use of extinction-corrected [OIII] luminosity results
in a much higher dependence on mass accretion, portraying a relation
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Lc[OIII] Ã m˙3.33M0.75 .
This relation is in agreement with previous studies showing that at low accretion rate, luminosity
of an ine cient accretion structure has steep dependence on m˙ [Narayan et al., 1997; Mahadevan,
1997]. Recent studies also show that for accretion values lower than the critical value, the ionizing
luminosity decreases Ã m˙3.5 [Sbarrato et al., 2014].
2.6.3 Introducing a Bolometric fundamental plane
We also introduce a bolometric fundamental plane obtained by converting the corresponding
[OIII] line luminosities to bolometric luminosities. Using a simple linear relation between [OIII]
and bolometric luminosities (H05 method), we obtain a plane for the supermassive sample defined
by the parameters ›RB = 0.83±0.38 and ›RM = 0.82±0.30. Inclusion of the XRBs to the SMBH
sample does not change the parameters of the plane considerably. A projection of the plane ob-
tained is shown in Fig 2.6.
When luminosity dependent bolometric correction factor (L09 method) is used to convert
extinction-corrected [OIII] line luminosity to bolometric luminosity, we see that the parameters
obtained for the plane are significantly di erent from the above-mentioned results . The bolometric
luminosity obtained using the L09 conversion, depends on the mass accretion rate alone, with
almost negligible dependence on black hole mass (see Fig 2.7). The relation is given by
Lbol Ã m˙2.62M0.20 .
This surprising negligible mass dependence might be explained as an e ect of using luminosity-
dependent bolometric correction factors. The bolometric correction factors reported in L09 in-
creases for increasing [OIII] luminosity ranges, which might have e ectively changed the mass
scaling of bolometric luminosity. The dependency of bolometric luminosity in mass is suspected
to be already included in the bolometric correction factor, which explains the negligible depen-
dence of the resulting plane on black hole mass.
2.6.4 Radio-loudness in view of the Fundamental Plane
The Radio-loudness parameter is commonly defined as R = L‹R/L‹opt, where L‹R and L‹opt
stand for the monochromatic luminosities at some specified radio and optical frequencies [Keller-
mann et al., 1989]. Study of this parameter is crucial for addressing basic questions related to
formation, acceleration and collimation of jets in di erent AGN classes. Various studies have
shown that di erent classes of AGN have di erent Radio-loudness parameters, but whether the
radio distribution is continuous or there is a radio bimodality is still a matter of debate [eg. White
et al., 2000]. This dichotomy has been used to infer di erent physical scenarios - some authors
have proposed the ‘spin paradigm’, saying that more rapidly spinning black holes result in radio-
loud AGNs [Blandford, 1990; Wilson & Colbert, 1995; Narayan & McClintock, 2012] while some
propose the magnetic flux paradigm, where the thin accretion discs give rise to radio-quiet AGN
while hot (or thick) accretion disc are more e cient in depositing magnetic flux close to the black
hole and hence give rise to radio-loud AGNs [Sikora et al., 2013].
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The diverse sample of LLAGN used for the study follow one single Fundamental Plane equa-
tion, with no collective systematic deviation from the plane. As shown in Fig 2.8, where we have
plotted histograms indicating the distances of the di erent sources from the best-fit plane, we see
that no obvious di erences can be spotted in the behavior of di erent AGN classes. Hence, the
di erent types of LLAGN are consistent with having similar physical mechanisms to produce radio
luminosity. In view of our plane, radio loudness is a general consequence of di erence in Black
hole masses - more massive black holes portraying more radio loud galaxies. Hence we suggest
that the radio loudness parameter should not be used to infer di erent physical mechanisms in
the sources. We also perform the Kolmogorov-Smirnov (KS) test to quantify a distance between
the empirical distribution functions of both the samples and check if di erent AGN samples come
from the same distribution. We show using KS Statistics that the hypothesis that the underlying
distributions of di erent AGN samples are identical can not be rejected.
2.6.4.1 Ellipticals and Spirals
We construct the fundamental plane separately for the ellipticals (sample - 7 ellipticals) and the
spirals (sample - 18 spirals) and find the slopes to agree with each other within the uncertainties.
A Kolmogorov-Smirnov (KS) test on the samples shows that the underlying distribution of the
two samples are in agreement with being similar (KS statistics = 0.21, p-value = 0.95).
2.6.4.2 LINERs and Seyferts
By fitting the plane separately, we see that both the LINERs (sample - 20 LINERs) and Seyferts
(sample - 12 seyferts) hold very similar Fundamental Plane relations. The histograms showing the
deviation of these sources from the fundamental plane can be seen in Fig 2.8. We also calculate the
distances of the individual sources from the best-fit plane and compare the distribution functions
of the LINERs and Seyferts. We see that both the types of AGN follow similar distribution
functions. We get the KS statistics value as 0.25 and the p-value as 0.67. Hence, the hypothesis
that the underlying distributions of the LINER and seyfert samples are identical can not be
rejected.
2.6.4.3 Core, Sérsic and Double-Sérsic Galaxies
The brightness profile of the central regions of galaxies are described by the Nuker law [Lauer et
al., 1995]. Galaxies can be divided into two distinct classes according to their central brightness
profile - the steep power law galaxies and the core galaxies with flattened slope. An alternate and
more powerful description of this core/power-law dichotomy is based on inner logarithmic slope
and is known as the Sérsic/core-Sérsic classification. The nuclei of core galaxies are considered to
be radio-loud while those of cusp galaxies are radio-quiet [Capetti & Balmaverde, 2006; Richings,
Uttley & Körding, 2011].
In our sample, we find that the core galaxies stretch out in a plane with a slope of 0.78,
while both the Sérsic and double-Sérsic subsamples have similar slope of 0.95. It is interesting to
compare the slight deviations in slope of the core and Sérsic subsamples as well as the elliptical
and spiral subsamples. While both the ellipticals and the Sérsic samples has similar slopes of
0.7, both the spirals and the core galaxies has a higher slope of 0.9. A nonparametric KS test
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Figure 2.8: Distances of di erent classes of AGN from the best-fit plane
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performed on the core and the cusp (Sérsic as well as double-Sérsic) galaxies showed that the
underlying distribution of both the samples can be same (KS statistics = 0.27, p-value = 0.83).
2.7 Conclusion
We use a complete sample of 39 supermassive black holes selected from the Palomar Spectroscopic
Survey and a selected sample of the best-studied stellar mass X-ray binaries, to study the general
properties of accretion. We present results of multivariate regression analysis performed on the
same and show that
• A fundamental plane of black hole activity is seen in the logarithmic 3-dimensional space of
black hole mass, radio luminosity and [OIII] emission line luminosity.
• The established fundamental plane of black hole activity in X-rays can be reproduced with
this sample. It is possible to obtain the plane relation individually by the supermassive
sample alone. On extrapolation to the lower mass black hole range, we see that the X-ray
binaries agree to the plane stretched by the supermassive sample.
• We also introduce a bolometric fundamental plane for the supermassive sample, which does
not completely agree to the complete sample after inclusion of the X-ray binaries. This
plane shows negligible dependence on black hole mass, which might be due to the use of
luminosity-dependent bolometric correction factor that e ectively corrects for mass-scaling
of bolometric luminosity.
• Finally, we look at the implication of the plane in radio-loudness of di erent AGN types.
We see that after accounting for the non-linearity in the radio-[OIII] luminosity correlation
and by including a mass scaling factor, we see no clear radio-dichotomy in the di erent
types of AGN in our sample.
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Table 2.2: SMBH Sample : Main properties
Name Mass (in M§) LR (in erg/s) LOIII (in erg/s)
NGC5033 2.89e+07 2.92e+36 7.46e+39
NGC4138 1.48e+07 2.24e+36 1.04e+39
NGC3998 1.87e+09 1.59e+38 1.62e+40
NGC2655 6.18e+07 2.13e+37 1.24e+40
NGC5353 1.43e+09 1.59e+38 5.13e+38
NGC5354 2.65e+08 6.24e+37 3.26e+38
NGC4278 6.72e+08 5.04e+37 4.76e+38
NGC3226 3.51e+08 1.76e+37 3.60e+38
NGC4419 2.32e+07 6.07e+36 1.99e+40
NGC4486 3.43e+09 4.78e+39 3.51e+39
NGC5846 7.61e+08 3.05e+37 4.26e+38
NGC2273 4.30e+07 2.45e+37 1.63e+41
NGC6500 2.77e+08 8.01e+38 1.45e+40
NGC3190 1.42e+08 2.40e+36 3.49e+38
NGC5363 3.75e+08 1.22e+38 1.53e+40
NGC3147 3.16e+08 8.10e+37 1.79e+40
NGC3628 1.50e+06 7.79e+35 1.06e+37
NGC3627 4.43e+07 7.55e+35 1.11e+39
NGC7743 3.14e+06 5.34e+36 3.14e+40
NGC4169 1.23e+08 1.51e+37 4.93e+41
NGC3169 1.44e+08 1.57e+37 2.65e+39
NGC4203 1.22e+08 5.34e+36 1.46e+37
NGC4293 1.01e+07 2.41e+36 2.05e+39
NGC4374 1.00e+09 3.10e+38 1.08e+39
NGC4579 1.44e+08 4.77e+37 3.26e+39
NGC7479 5.23e+07 1.56e+37 4.76e+40
NGC5377 8.40e+07 1.78e+37 2.21e+39
NGC4548 1.06e+07 2.02e+36 7.56e+37
NGC4258 2.40e+07 8.29e+35 1.34e+39
NGC3607 4.19e+08 3.31e+36 2.11e+39
NGC5866 8.25e+07 1.04e+37 3.29e+38
NGC4216 1.81e+08 2.19e+36 4.72e+38
NGC4589 3.67e+08 6.40e+37 2.34e+39
NGC4565 7.16e+07 2.08e+36 7.39e+38
NGC1167 2.95e+08 6.34e+39 1.27e+41
NGC3945 1.56e+08 6.35e+36 3.65e+38
NGC2787 1.86e+08 7.07e+36 6.76e+37
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Table 2.3: XRB Sample : Main properties
Name Mass (in M§) LR (in erg/s) LX (in erg/s)
GX 339-4 7 1.97e+30 7.59e+36
GX 339-4 7 1.97e+30 7.70e+36
GX 339-4 7 1.66e+30 2.87e+36
GX 339-4 7 1.68e+30 2.12e+36
GX 339-4 7 4.86e+29 5.73e+35
GX 339-4 7 6.77e+29 1.80e+36
GX 339-4 7 1.81e+30 6.94e+36
GX 339-4 7 1.88e+30 7.30e+36
GX 339-4 7 1.17e+30 1.41e+36
GX 339-4 7 1.10e+30 1.26e+36
GX 339-4 7 2.42e+30 3.36e+36
GX 339-4 7 4.78e+29 5.51e+35
GX 339-4 7 2.76e+30 1.07e+37
GX 339-4 7 2.36e+30 6.33e+36
GX 339-4 7 8.49e+29 1.53e+36
GX 339-4 7 3.29e+29 1.27e+35
GX 339-4 7 1.94e+30 4.60e+36
GX 339-4 7 4.63e+29 8.95e+35
GX 339-4 7 4.13e+29 6.69e+35
GX 339-4 7 2.64e+29 3.47e+35
GX 339-4 7 4.21e+29 6.56e+35
GX 339-4 7 1.14e+29 4.13e+35
GX 339-4 7 2.41e+29 1.83e+35
GX 339-4 7 2.37e+29 1.22e+35
GX 339-4 7 4.24e+29 3.82e+35
GX 339-4 7 4.32e+29 3.52e+35
GX 339-4 7 1.14e+29 2.37e+35
GX 339-4 7 3.36e+29 1.07e+35
GX 339-4 7 1.11e+30 1.56e+36
GX 339-4 7 1.00e+30 1.17e+36
GX 339-4 7 1.66e+30 1.60e+36
GX 339-4 7 5.43e+29 7.34e+35
GX 339-4 7 7.15e+29 9.56e+35
GX 339-4 7 6.62e+29 8.95e+35
GX 339-4 7 9.68e+29 1.20e+36
GX 339-4 7 8.32e+30 4.34e+37
GX 339-4 7 7.46e+30 4.19e+37
GX 339-4 7 1.41e+29 1.68e+35
GX 339-4 7 4.13e+29 5.58e+35
GX 339-4 7 3.45e+30 1.25e+37
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Table 2.4: ... continued
Name Mass (in M§) LR (in erg/s) LX (in erg/s)
GX 339-4 7 3.15e+30 1.26e+37
GX 339-4 7 3.89e+30 1.53e+37
GX 339-4 7 4.15e+30 1.67e+37
GX 339-4 7 5.26e+30 2.15e+37
GX 339-4 7 5.95e+30 2.53e+37
GX 339-4 7 7.45e+30 2.91e+37
GX 339-4 7 8.67e+30 3.10e+37
GX 339-4 7 8.40e+30 3.29e+37
GX 339-4 7 7.21e+30 3.39e+37
GX 339-4 7 1.81e+30 3.38e+36
GX 339-4 7 2.59e+30 1.74e+37
GX 339-4 7 5.04e+30 4.12e+37
GX 339-4 7 3.21e+30 2.34e+37
GX 339-4 7 2.29e+29 1.42e+37
GX 339-4 7 2.67e+29 2.10e+35
GX 339-4 7 2.94e+29 5.46e+35
GX 339-4 7 2.10e+29 1.91e+35
GX 339-4 7 2.25e+29 1.91e+35
GX 339-4 7 9.03e+29 1.91e+36
GX 339-4 7 1.26e+30 2.80e+36
GX 339-4 7 6.50e+29 1.01e+36
GX 339-4 7 6.50e+29 1.38e+36
GX 339-4 7 6.77e+29 9.79e+35
GX 339-4 7 6.46e+29 9.64e+35
GX 339-4 7 2.32e+30 3.32e+36
GX 339-4 7 5.35e+28 3.00e+35
GX 339-4 7 9.72e+29 7.39e+35
GX 339-4 7 1.26e+30 1.07e+36
GX 339-4 7 1.47e+30 1.55e+36
GX 339-4 7 1.55e+30 1.98e+36
GX 339-4 7 1.70e+30 2.47e+36
GX 339-4 7 8.15e+30 3.74e+37
GX 339-4 7 8.08e+30 3.46e+37
GX 339-4 7 8.26e+30 3.38e+37
GX 339-4 7 5.05e+29 4.66e+35
GX 339-4 7 6.69e+29 5.81e+35
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Table 2.5: ... continued
Name Mass (in M§) LR (in erg/s) LX (in erg/s)
XTE J1118+480 10 8.31e+28 3.71e+35
XTE J1118+480 10 8.31e+28 2.88e+35
XTE J1118+480 10 8.31e+28 2.95e+35
XTE J1118+480 10 8.31e+28 2.81e+35
XTE J1118+480 10 8.31e+28 3.63e+35
V404 Cyg 10 3.66e+30 6.20e+36
V404 Cyg 10 2.39e+28 2.55e+32
V404 Cyg 10 3.78e+30 6.08e+36
V404 Cyg 10 1.92e+30 2.76e+36
V404 Cyg 10 5.52e+30 5.03e+36
V404 Cyg 10 1.22e+30 1.01e+36
V404 Cyg 10 6.32e+30 4.90e+36
V404 Cyg 10 7.44e+29 1.94e+35
V404 Cyg 10 1.48e+30 1.18e+36
V404 Cyg 10 1.30e+30 1.01e+36
V404 Cyg 10 2.23e+30 3.46e+36
V404 Cyg 10 2.42e+30 1.85e+36
V404 Cyg 10 1.21e+30 8.35e+35
V404 Cyg 10 1.24e+30 1.12e+36
V404 Cyg 10 3.72e+30 5.64e+36
V404 Cyg 10 7.81e+30 9.99e+36
V404 Cyg 10 5.70e+29 1.46e+35
V404 Cyg 10 9.18e+29 2.62e+35
V404 Cyg 10 1.73e+30 1.53e+36
V404 Cyg 10 5.77e+30 5.72e+36
AO6200 11 7.41e+26 7.07e+30
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Abstract
Blazar radiation is dominated by a relativistic jet which can be modeled at first ap-
proximation using just two intrinsic parameters - the Lorentz factor   and the viewing
angle ◊. Blazar jet observations are often beamed due to relativistic e ects, complicat-
ing the understanding of these intrinsic properties. The most common way to estimate
blazar Lorentz factors needs the estimation of apparent jet speeds and Doppler beam-
ing factors. We present a new and independent method of constructing the blazar
Lorentz factor distribution, using the optical fundamental plane of black hole activ-
ity. The optical fundamental plane is a plane stretched out by both the supermassive
black holes and the X-ray binaries, in the 3D space provided by their [OIII] line lu-
minosity, radio luminosity and black hole mass. We use the intrinsic radio luminosity
obtained from the optical fundamental plane to constrain the boosting parameters of
the VLBA Imaging and Polarimetry Survey (VIPS) blazar sample. We find a blazar
bulk Lorentz factor distribution in the form of a power law as N( ) Ã  ≠2.1±0.4 for
the   range of 1 to 40. We also discuss the viewing angle distribution of the blazars
and the dependence of our results on the input parameters.
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3.1 Introduction
Blazars, including both BL Lac objects and flat-spectrum radio quasars (FSRQs), represent the
most powerful and highly variable class of active galactic nuclei (AGNs), with flat radio spectra,
core-dominated radio morphology and radiation dominated by a relativistic jet oriented close to
our line of sight [eg. Blandford & Königl, 1979; Urry & Padovani, 1995, etc.]. Blazar jets can be
strongly beamed depending on the relativistic Doppler factor of the source. The relativistic jet
of a blazar, at first approximation, can be defined by just two intrinsic parameters - the Lorentz
factor   and the viewing angle ◊. Studying the radio jets of these sources is crucial to understand
the kinematics of black holes and the laws of physics under extreme conditions. Specially, having
information on the fundamental and intrinsic properties of the relativistic jets, like Lorentz fac-
tors and viewing angles, will help to constrain the physics of jet launching region, shed light in
the formation, collimation, acceleration, and propagation of the jets, kinematically characterize
the sources and estimate the underlying intrinsic physical properties of the sources, like their
luminosity function [eg. Ajello et al., 2012]. But owing to di culties involved in measuring the
intrinsic luminosity of the blazar jet, not much is known regarding these intrinsic parameters of
blazars, neither individually nor as a population. In this paper, we present a novel method to
obtain the distribution of these parameters for a population of blazars.
The most common way to calculate the blazar Lorentz factor is by observing the apparent
speed of the jet and estimating the Doppler beaming factor. The apparent speed of the jets can be
found directly by using Very Long Baseline Interferometry (VLBI) observations [eg. Jorstad et al.,
2001; Kellermann et al., 2004; Britzen et al., 2008, etc.]. Estimating the Doppler beaming factor
is more complicated and Lähteenmäki & Valtaoja [1999] has compared the di erent methods
currently used to estimate it and have found that a typical radio-loud quasar has a Lorentz factor
≥ 10 and a viewing angle < 5¶, while a typical BL Lac object has a Lorentz factor ≥ 5 and a
viewing angle < 10¶.
Doppler beaming factors can be estimated by calculating the decline of flux with time of a
jet component and comparing it to the measured size of the VLBI component [eg. Jorstad et
al., 2005, etc.]; by combining X-ray observations with radio fluxes at turnover frequencies [eg.
Ghisellini et al., 1993; Britzen et al., 2007, etc.] or by observing the brightness temperature of
the source and comparing it to the equipartition temperature [eg. Readhead, 1994; Hovatta et al.,
2009, etc.].
But all these methods have their own assumptions and limitations. Using the decline of flux
of a jet with time to find Doppler factor needs the assumption that the variability timescale of a
resolved jet component is determined by the light travel time across the component, rather than
loss processes and relies upon the observational determination of angular sizes of the component
and the variability timescale [Jorstad et al., 2005]. Accurate measurements of Doppler factors by
combining X-ray observations with radio fluxes require simultaneous X-ray and radio data taken
at the turnover frequency, without which large errors are induced; while on the other hand using
the brightness temperature method to obtain Doppler factors is advantageous as it needs single-
epoch radio observations, but the values again need to be obtained at the turnover frequency
[Lähteenmäki & Valtaoja, 1999].
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These limitations are di cult to overcome, if the Doppler boosting factor of a blazar is be-
ing estimated on a source-by-source basis, but it is possible to explore the connection between
observed and intrinsic properties for a complete sample of blazars and find a Lorentz factor dis-
tribution for the blazars as a population. The distribution for Lorentz factors has been explored
by many studies [eg. Padovani & Urry, 1992; Lister & Marscher, 1997; Kellermann et al., 2004;
Jorstad et al., 2005; Ajello et al., 2012, etc.]. Falcke et al. [1995] used the spread around the quasar
radio/optical correlation to constrain the jet Lorentz factors between 3 and 10. Padovani & Urry
[1992] compared the luminosity functions of flat spectrum radio quasars with relativistic models
and found very good agreement for a distribution of Lorentz factors 5 <   < 40, distributed as
N( ) Ã  ≠2.3. Lister & Marscher [1997] has used the Caltech-Jodrell Bank sample of bright,
flat-spectrum, radio core-dominated AGNs (CJ-F) and found that their model predictions are
consistent with the CJ-F data for a parent Lorentz factor distribution of the form N( ) Ã  –,
where ≠1.5 < – < ≠1.75.
In this paper we present a new, independent method to estimate blazar Lorentz factor and
viewing angle distributions by using the optical fundamental plane of black hole activity. The
fundamental plane (FP) is a relation connecting hard state X-ray binaries (XRBs) and their
supermassive analogs, suggesting that black holes regulate their output similarly across the entire
mass scale [Merloni et al., 2003; Falcke et al., 2004]. Observationally, it is a plane stretched out by
black holes over the entire mass range, in the 3D space provided by their X-ray luminosity, radio
luminosity and black hole mass. It is given by the relation logLR = 0.60 logLX + 0.78 logM ,
where LR is the core radio luminosity at 5 GHz, LX is the 2-10 keV X-ray luminosity and M is
the central black hole mass. These scalings can be well explained by the theory of synchrotron
emitting compact relativistic jets and radiatively ine cient accretion flows [Blandford & Königl,
1979; Falcke & Biermann, 1995; Heinz & Sunayev, 2003].
Depending on the AGN sample, the regression methods used to derive the FP coe cients can
result in a significant scatter around the correlation, from ≥ 0.38 - 0.65 dex [Körding et al., 2006],
specially if one includes high-state objects, which most likely have additional emission components
and hence can introduce a higher uncertainty.
The FP has been re-established in the optical band, using the forbidden [OIII] emission line
luminosity as an indirect tracer of accretion rate instead of X-ray luminosity [Saikia et al., 2015].
The optical FP is a very useful tool to study the intrinsic properties of blazars as the [OIII] emission
line luminosity is direction-independent and is not a ected by relativistic boosting, while both
radio and x-ray luminosities can have significant contribution from the relativistic jet and hence
have beaming e ects. Moreover, blazar sources, specially the low-frequency peaked BL Lacs can
have the synchrotron cut-o  of the jet spectrum below the X-ray band. For such sources, the
observed X-ray luminosity would be dominated by synchrotron self-Compton emission and hence
the [OIII] line luminosity is a much better proxy of the accretion rate.
With the optical FP relation, we can use the black hole mass and the [OIII] line luminosity
to estimate radio luminosity, i.e. the intrinsic power of the jet. This plane relation is given as
logLR = 0.83 logLOIII+0.82 logM using supermassive black holes (SMBH) only, while including
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the X-ray binaries in the analysis to reproduce the fundamental plane in X-rays has resulted in the
relation logLR = 0.64 logLX +0.61 logM . The radio and the OIII fluxes used in formulating this
relation are directly observed, while the mass of the black holes are inferred from stellar velocity
dispersions. We discuss the implication of using an inferred quantity to calculate the intrinsic
radio luminosity in Section 3.2.2. For the plane obtained with the supermassive black holes, an
intrinsic scatter of 0.35 dex was found, which was reduced to 0.2 dex after including the X-ray
binaries in the plane.
We use intrinsic radio luminosities obtained from the optical fundamental plane relation to
estimate the boosting parameters of flat-spectrum radio sources from the VLBA Imaging and
Polarimetry Survey (VIPS), consisting of 1,127 sources with flat radio spectra taken from the
Cosmic Lens All-Sky Survey (CLASS; Myers et al. 2003). The black hole sample used for this
study is described in Section 3.2. In Section 3.3, we discuss the flat-spectrum radio sources on
the fundamental plane and use them in Section 3.4 to shed light on the beaming properties of
the population. Finally in Section 3.5, we discuss our results and present the conclusions of this
study.
3.2 Sample Selection
3.2.1 Blazar sample
The blazars used in this study are taken from the VLBA Imaging and Polarimetry Survey (VIPS;
Helmboldt et al. 2003) consisting of 1,127 sources with flat radio spectra. The parent sample for
this survey is the Cosmic Lens All-Sky Survey (CLASS; Myers et al. 2003) - a VLA survey of
≥12,100 flat-spectrum objects. CLASS is the largest and best studied statistical sample of radio-
loud gravitationally lensed systems with compact flat radio spectrum. The majority of the CLASS
sources are highly relativistically beamed. The parent population of the CLASS sources consist
of radio-loud AGN, which are significantly brighter than the low-luminosity AGN (LLAGN) used
to construct the optical FP, as demonstrated by their higher radio and [OIII] line luminosities
(see Fig 4.4). They will then consist of FR I/II radio galaxies and radio-loud quasars, which have
been shown to follow the X-ray fundamental plane of black hole activity if one takes beaming into
account [eg. Merloni et al., 2003; Plotkin et al., 2012, etc.].
VIPS has selected all CLASS sources on the survey area of the Sloan Digital Sky Survey
(SDSS; York et al. 2000), with an upper declination limit of 65¶ and a lower declination limit of
15¶, having flux densities greater than 85 mJy at 8.5 GHz, yielding a complete sample of 1,127
sources. Of these, 141 have already been observed at 5 GHz with the VLBA as part of the
Caltech-Jordell Bank Flat spectrum survey (CJF; Taylor et al. 1996), 8 have been observed at
15 GHz as part of the Monitoring of Jets in AGN with VLBA Experiments project (MOJAVE;
Lister & Homan 2005), and 20 were observed for the VIPS pilot program at 5 and 15 GHz [Taylor
et al., 2005]. The remaining 958 sources were observed with the VLBA.
For this study, we take only those sources for which we have available radio luminosity at
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Figure 3.1: Position of the blazars on the optical fundamental plane. Here, XRBs are in blue
triangles, LLAGN in red diamonds and the VIPS Blazars are plotted as green circles.
The red line is the projection of the best-fit plane using just the LLAGN sample.
Luminosities are given in erg s≠1 while the masses are in the unit of solar mass.
8.5 GHz (from CLASS survey taken with VLA at configuration A), black hole mass and [OIII]
emission line luminosity at 5007Å(from the catalog of quasar properties from SDSS DR7, Shen
et al. [2005]). The sources in this sample are dominated by FSRQs and BL Lacs. We would
like to point out that the current method requires [OIII] line luminosities as tracer of accretion
rate, and hence it does not work for extreme featureless BL Lacs. The optical FP works for both
low and high excitation sources (LLAGN and seyferts). Hence the FSRQs are expected to follow
the plane relation [see also Merloni et al., 2003]. In order to compare these sources with the
optical FP, the 8.5 GHz fluxes were converted to 5 GHz fluxes using a flat radio spectra. In order
to properly constrain the parameters of the proposed correlation, we exclude the upper limits
from our final data set. But this sample may contain few soft state sources that can introduce
additional uncertainties in the intrinsic properties. This gives us a final sample of 82 blazars.
3.2.2 Low Luminosity AGN in the Optical FP
The LLAGN sample used in the optical fundamental plane of black hole activity [Saikia et al.,
2015] is extracted from the Palomar Spectroscopic Survey [Ho et al., 1995], comprising the nuclear
region of 486 bright nearby galaxies with the B-magnitude in Tycho photometric band BT < 12.5
mag. Radio luminosities, needed as estimate for the jet emission, have been taken from the high-
resolution radio survey of all LLAGNs and AGNs in the Palomar sample, reported in Nagar et
al. [2005] while the [OIII] line luminosities, used as a tracer of the accretion rate, have been taken
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from Ho et al. [1997], where spectroscopic properties and parameters for 418 AGN and their host
galaxies are presented. Stellar velocity dispersions presented in Hovatta et al. [2009] using the
same spectra, are used to derive the black hole masses using the M-‡ relation having an absolute
scatter of 0.34 dex [Merritt & Ferrarese, 2001; Kormendy & Ho, 2013].
The fundamental plane parameters are obtained using directly observed [OIII] and radio fluxes,
and inferred quantities like distances and masses. In order to give a physical meaning to the
relation and to compare the LLAGN sample with the stellar mass XRBs, inferred black hole
masses are used in the relationship instead of the directly observed stellar velocity dispersions.
Moreover, a Kendall Tau Partial Correlation analysis was performed in Saikia et al. [2015] with
distance as the third variable, and the FP relation was found to be real even after taking into
account the large range of inferred distance. The chi-square confidence map for the parameters
of the fundamental plane was found to be an elongated ellipse, showing that the parameters are
coupled [Saikia et al., 2015]. The uncertainties in the directly measured quantities like radio and
[OIII] fluxes and the inferred quantities like distances and black hole masses are properly taken into
account using the merit function while deriving the fundamental plane parameters. Restricting
the final sample only to the galaxies which have available data in 15 GHz radio luminosity, [OIII]
emission line luminosity and black hole mass; and after removing the upper limits; the sample
size was reduced to 39 SMBHs.
3.2.3 Stellar mass black holes in the Optical FP
The stellar mass XRB sample used in the optical FP comprises the best-studied XRBs in the hard
state : GX 339-4 (88 quasi-simultaneous radio and X-ray observation from Corbel et al. 2013),
V404 Cyg (VLA radio and Chandra X-ray reported in in Corbel et al. 2008), XTE J1118+480
(from the compilation in Merloni et al. 2003) and A06200-00 (simultaneous Chandra X-ray and
VLA radio observation reported in Gallo et al. 2006).
3.3 Theoretical Sample
3.3.1 Relativistic beaming in blazars
All radio-bright active galactic nuclei have relativistic jets emitting synchrotron radiation. Due
to relativistic e ects, observed emission from these jets can be considerably brighter compared
to the intrinsic luminosity. If Lint is the intrinsic luminosity and Lobs is the observed luminosity,
then Lobs = ”bLint, where ” is the kinematic Doppler factor given as
” = 1 (1≠ —Cos◊)
where — is the bulk jet velocity in units of c,   is the Lorentz factor defined as (1 ≠ —2)≠1/2
and ◊ is the viewing angle of the jet with respect to our line-of-sight.
The exponent b depends on various assumptions about jet structure, jet emission spectrum
and the frequency at which the jet is observed. For a spectral index “ defined as S‹ Ã ‹≠“ , the
boosting index b can be approximated to be b = 2 + “ or 3 + “ respectively in the case of a
continuous jet or a jet with distinct blobs [Blandford & Königl, 1979; Urry & Padovani, 1995].
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Figure 3.2: Doppler distribution of the VIPS blazar sample
Blazars generally have flat spectra (“ ≥ 0) and hence we take b = 2 for this study. The possible
di erent choices of b are discussed in Section 3.4.3.
3.3.2 Blazars in previous fundamental planes
Previously, relativistically beamed BL Lac objects were either excluded from the fundamental
plane studies as the jet emission is heavily boosted [Merloni et al., 2003], or Doppler boosting was
corrected assuming an average Doppler factor ≥ 7 [Falcke et al., 2004]. In the latter case, it was
seen that the X-ray/radio ratio is rather insensitive to the Doppler factor and the main e ect was
just a shift in the position of the sources along the correlation - the BL Lacs were pushed from the
upper end of the correlation into the regime where FR I radio galaxies lie. This was theoretically
expected as both X-ray and radio luminosities are subjected to relativistic beaming. Studying the
blazars with the optical FP can give us more insight as unlike the X-ray and radio luminosities,
the [OIII] emission line luminosity is assumed to be direction-independent and hence not a ected
by relativistic boosting.
Saikia et al. [2015] construct the optical FP by performing a multivariate correlation linear
regression analysis on the SMBH sample. The relation was then extrapolated to lower black hole
masses and the stellar mass black hole were consistent with the plane found with only the SMBHs.
We now extrapolate the same relation to the higher black hole mass region and put the VIPS
blazar data on the previous plane, without fitting them (see Fig 4.4). The blazars were found to
have much higher radio luminosity compared to what was expected by the fundamental plane,
which can be explained by relativistic beaming and the VIPS flux density limit of 85 mJy at 8.5
GHz.
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Figure 3.3: VIPS observed blazars (green circles) and the simulated blazars (orange sided-
triangles) on the optical fundamental plane. Luminosities are given in erg s≠1 while
the masses are in the unit of solar mass.
This optical FP can be used to construct the Doppler factor distribution of the VIPS blazars
(see Fig 3.2). Given this Doppler factor distribution and the selection e ects of the VIPS sample,
we can constrain the Lorentz factor and viewing angle distributions for the sample.
3.3.3 Simulating a blazar sample from optical FP
We take the optical fundamental plane relation logLR = 0.83 logLOIII+0.82 logM , and calculate
the radio luminosities of the VIPS blazars using their [OIII] line luminosities and central black
hole masses. These are the intrinsic radio luminosities of the sources, without the e ect relativistic
beaming.
The intrinsic radio luminosities of the blazar sample are theoretically boosted using monte
carlo simulation for a given viewing angle and Lorentz factor distribution. The resultant theoret-
ically beamed radio luminosity distribution is then compared with the observed radio luminosity
distribution obtained from the VIPS observations. The intrinsic scatter of the optical FP (0.35
dex) is added in the simulation to include the errors of the plane in the simulated sample.
The viewing angles were randomly chosen from an uniform distribution in cos ◊ for a ◊ range
of 0¶ to 30¶, assuming that the sources are randomly aligned with respect to the observer’s line
of sight. As explained in Section 3.4.2, the selection biases were later taken into account while
simulating the blazars from the fundamental plane and the final ◊-distribution is found to be
steeper at lower viewing angles. The Lorentz factor  s were taken from a bounded power-law
parent distribution of the form N( ) Ã  – as suggested by previous studies [eg. Padovani & Urry,
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Figure 3.4: Radio luminosity histograms : In blue are the FP-simulated blazars and in red (filled
with dashed lines) are the blazars as observed by VIPS. The radio luminosity values
are in erg s≠1, and are plotted in the logarithmic scale.
1992; Lister & Marscher, 1997, etc.]. The use of other possible Lorentz factor distributions are
discussed in Section 3.4.3. Moreover, in order to match the sensitivity of the simulated sample
with the observed one, we incorporate the selection e ect of the VIPS sample (radio flux-cut
of 85 mJy at 8.5 GHz) in the monte carlo simulation. Once the theoretically simulated sample
is constructed, we compare it with the VIPS observed blazar sample. As seen in Fig 3.3, the
simulated sample occupies the same space as the VIPS observed sample.
3.3.4 Statistical test on the simulated sample
We compare the histograms of the radio luminosity distribution of the VIPS observed blazars
with the distribution of the theoretical sample simulated from the fundamental plane in Fig
3.4. A Kolmogorov-Smirnov (KS) test was performed to quantify these similarities in the radio
luminosity distributions of the two samples. If the KS statistic is small or the p-value is high,
then we cannot reject the null hypothesis that the underlying distributions of the two samples
are the same.
In order to statistically test if the simulated sample matches with the radio luminosity dis-
tribution of the VIPS sample, we assume a power law Lorentz factor distribution N( ) Ã  ≠2,
bounded between 1 and 30, as our initial guess. A KS test done on the VIPS observed sample and
a simulated sample, gives a KS statistic value of 0.12±0.03 and a p-value of 0.51±0.23, thereby
showing that the underlying radio luminosity distributions of both the samples are in agreement
with being similar.
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3.4 Results
3.4.1 Lorentz factor distribution
Figure 3.5: For  min of 1, color bar diagrams depicting the KS p-values for di erent combinations
of  max and –. For higher KS statistic or smaller p-value, we can reject the hypothesis
that the distributions of the two samples are the same.
The KS statistic values and the p-values obtained from the simulated sample can be used to
constrain the Lorentz factor distribution of the VIPS blazar sample.
As the first step, we fix the minimum Lorentz factor ( min) of the VIPS sample, and compare
the KS p-values for di erent combinations of maximum Lorentz factor ( max) and the power
law index of the  -distribution (i.e. – in N( ) Ã  –). For higher KS statistics or smaller p-
values, we can reject the hypothesis that the distributions of the theoretically simulated sample
and the observed sample are the same. Color-bar diagrams depicting the KS values for di erent
combinations of  max and – can be seen in Fig 3.5. For the blue parts of the plot i.e. when the
p-value is small (< 0.15), we can reject our null hypothesis. Hence, we can constrain a very thin
range of possible Lorentz factor distributions, for which the theoretically simulated sample can
match the VIPS observed ones. This gives a rough idea about the possible values of  max and
the power-law exponent – for a given  min.
As evident from Fig 3.5, for a fixed  min = 1, the shape of the   distribution shows a steep
evolution for small  max values, but it gets almost constant for any choice of  max higher than 40.
Previous observational studies of relativistic jet Lorentz factors have reported  max values of 40
or more [eg. Marscher, 2006; Hovatta et al., 2009; Savolainen et al., 2010; Ajello et al., 2012, etc.].
For example, the MOJAVE survey of compact, highly beamed radio-loud AGNs analyzed 127 jets
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and used the apparent velocities of the jet components to report a Lorentz factor distribution in
the parent population that range up to ≥50 [Lister et al., 2009].
The maximum possible Lorentz factor in our distribution needs to be more than what is ob-
served. It is clear from Fig 3.5 that for any choice of  max higher than 40, there is no considerable
evolution in the value of – . Hence, to evaluate the Lorentz factor distribution of the VIPS blazar
sample in more detail, we can safely fix the  max value at 40, and the resultant shape of the
distribution can be considered to be true for other values of  max > 40.
Then, for a given  min and  max, it is possible to constrain the shape of the Lorentz factor
distribution statistically by performing a KS test between the theoretically simulated sample from
the optical FP and the observed VIPS sample.
Figure 3.6: KS statistics for di erent power-law exponents depicting the blazar   distributions for
a fixed   range of 1-40 and a ◊ range of 0-30, showing a best-fit value for ≠2.1± 0.4.
With a fixed   range of 1-40 and ◊ range of 0-30, we use Monte Carlo simulation to create
di erent theoretically boosted samples for various power-law exponents (– of N( ) Ã  –). We
compare all these theoretical samples with the VIPS observed sample, compute their KS values
and find that the highest KS p-values are obtained for a power law index of -2.1. In Fig 3.6, we
show the KS values obtained for di erent power-law exponents. From the KS p-values obtained,
we can reject the null hypothesis of the two samples being similar for all the – values outside the
range of ≥-1 to ≥-3. We can statistically constrain the Lorentz factor distribution for a   range
of 1-40 to be a power law N( ) Ã  ≠2.1±0.4 .
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3.4.2 Viewing angle distribution
The parent viewing angle (◊) distribution was taken as an uniform distribution ranging from 0¶
to 30¶, properly weighed by the 3D spherical distribution function. But as mentioned in Section
4.3.2, while boosting the simulated blazars from the fundamental plane, we put in the selection
e ect of the VIPS sample (radio flux-cut of 85 mJy at 8.5 GHz) to match the sensitivity of the
simulated sample with the observed one. This ensures that only those ◊s are selected, for which
the theoretical blazar sample from the optical FP can be boosted enough to clear the radio flux
cut-o  needed for the VIPS sample.
In Fig 3.7, we show the theta distribution obtained from simulations of various bootstrapped
VIPS blazar sample. As evident from Fig 3.7, this condition on sensitivity results in the final
◊-distribution to be steepest at lower viewing angles, which flattens out as the viewing angle
increases. Hence, we conclude that most of the sources in a blazar population have a viewing
angle smaller than ≥ 5¶, which agrees with previous studies [eg. Ajello et al., 2012, etc.].
Figure 3.7: Distribution of viewing angles for the blazars, after bootstrapping the theoretical
sample simulated from the fundamental plane.
3.4.3 Dependence of the result on input parameters
It is important to examine if the derived distribution of Lorentz factors depends on the input
parameters used in the analysis. Here we discuss how di erent choices of input parameters a ect
the agreement between the VIPS observed sample and the theoretical sample simulated from the
optical fundamental plane.
62
3.4 Results
Figure 3.8: KS p-values for di erent power-law indices of   distributions, for a fixed   range of
1-40 with di erent ◊min values of 0¶, 1¶ and 2¶, respectively.
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3.4.3.1   range
The range of possible Lorentz factors of flat-spectrum sources is still uncertain. For our analysis,
we have used a   range of 1-40, though this range can easily be much larger. But as shown in
the KS p-value plot of Fig 5, for a given  min, di erent choices of  max do not change the final
result considerably. A detailed analysis done for a ◊ range of 0¶≠30¶ with a  min = 1 shows that
the power-law exponent of   distributions can be constrained as ≠2.14± 0.45, ≠2.14± 0.44 and
≠2.18± 0.42 for  max values of 40, 60 and 90, respectively. So the details of the distribution does
not change much with di erent  max values. Also, having a  min value larger than 3 can be ruled
out for our sample, as for no choice of  max, a KS p-value higher than 0.3 could be obtained for
a  min value higher than 3.
We need to include blazar sources having Lorentz factor values lower than 3 to properly
constrain the Lorentz factor distribution of the population using our method. Hence, although
blazars are considered to be highly relativistic sources, our analysis indicates that the possibility
of having sources with   values less than 3, can not be ruled out for the given sample. This
suggests that the sample we have used may not be completely pure blazars and may contain few
sources which are flat spectrum radio sources that are not highly relativistically beamed.
3.4.3.2 ◊ range
As seen in Fig 3.7, the only assumptions on the parent viewing angle distribution, that can change
the boosting parameters considerably, is the choice of the ◊min value. In this study, we have taken
◊min to be 0¶. In Fig 3.8, we constrain the power-law exponents of   distributions for a fixed  
range of 1-40, with ◊min values of 0¶, 1¶ and 2¶ to be ≠2.1± 0.4, ≠1.99± 0.5 and ≠1.77± 0.56,
respectively.
From the constrained power-law indices, we see that using a higher ◊min results in a lower value
of the power-law index with a higher standard deviation. That is expected as standard models
of relativistic jets predict that the opening angle of the jet should be inversely proportional to
the Lorentz factor [eg. Blandford & Königl, 1979]. Hence introducing a higher ◊min cut will
e ectively lower the  max value and suppress higher   factors in the Lorentz factor distribution.
For example, ◊min of 2¶ implies a  max ≥ 30, with a corresponding suppression of   factors near
the upper limit of the distribution, i.e. around   ≥30.
3.4.3.3 Boosting index value b
VIPS, the parent sample of this study, is selected to consist of flat-spectrum objects with a spec-
tral index “ > -0.5 (between 4.85 GHz and a lower frequency). Theoretically, for a relativistically
beamed source, the boosting index is b = 2 + “ for a continuous jet and 3 + “ for a jet with
distinct blobs [Lind & Blandford, 1985]. As the fundamental plane is theoretically based on a
continuous jet, for our analysis we use the case of b = 2+“, where “ is taken to be 0 for the blazars.
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We see that increasing the boosting index b, results in a higher power-law index of the Lorentz
factor distribution, with a bigger uncertainty. The best-fit  -distribution using a continuous jet
assumption with flat spectra (“ = 0) was found to be N( ) Ã  ≠2.1±0.4 for the   range of 1 to 40.
This power-law index increases gradually from ≠2.1± 0.4 to ≠4.0± 1.0, as the boosting index is
increased from 2.0 (continuous jet) to 3.0 (ballistic jet).
3.4.3.4 Di erent   distribution possibilities
Previous studies have suggested and explored a power-law distribution for Lorentz factors [eg.
Padovani & Urry, 1992; Jorstad et al., 2005, etc.]. In this analysis, we have tried to constrain the
power-law index for this distribution. We have also checked for other simple and possible forms
of   distributions like uniform and delta function distributions in the VIPS sample.
A two sample KS test analysis between the observed VIPS sample and a theoretical sample
simulated from the fundamental plane using an uniform   distribution of 1-40 gave a KS p-value
of 0.25±0.0001, with the KS p-value decreasing even more with an increase in the  -range to
values such as a KS p-value of 6 ◊ 10≠5 ± 10≠4 for an uniform   distribution of 1-60. Hence we
can safely rule out the possibility of having a uniform Gamma-distribution for the VIPS blazars.
Similarly, we also analyzed the agreement of the simulated and the observed sample for delta
function distributions, i.e. single values of Lorentz factors. It was seen that the Lorentz factor
delta distribution is required to center around a   value more than 23, for all the simulated blazars
to clear the VIPS sample flux cut-o  of 85 mJy at 8.5 GHz. And even these accepted Lorentz
factors result in very low KS p-values (KS p-value of 0.0003 for a delta distribution of  =25, with
the p-value decreasing even more with an increase in the   value, e.g. a KS p-value of 3 ◊ 10≠9
for a  =30). Therefore, for the theoretically beamed sample to agree with the observed one, we
can rule out a delta function distribution for the VIPS blazar Lorentz factors.
Hence, we can summarize that although the result can slightly change with some of the
assumptions and input parameters like the boosting index value, the agreement between the
theoretical and the observed sample is quite robust for a power law form of  -distribution with
indices ≠2.1± 0.4.
3.5 Discussion and conclusion
In this paper, we present a new and independent method of calculating the Lorentz factor dis-
tribution of a blazar population using the optical fundamental plane of black hole activity. We
use the VIPS blazar sample and find the bulk Lorentz factor distribution to be in the form of a
power law given as N( ) Ã  ≠2.1±0.4, with a   range of 1 to 40.
The optical fundamental plane is an e cient and insightful platform to study high-luminosity
blazars, since, unlike the X-ray and radio luminosities, the [OIII] emission line luminosity of a
blazar is direction-independent and hence not a ected by relativistic boosting. Another advantage
of using the optical FP is that the blazars are high mass sources and hence the synchrotron cut-o 
of the jet spectrum can already be below the X-ray band, specially for the low-frequency-peaked
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BL Lacs. Thus, the observed X-ray luminosity will be dominated by synchrotron self-Compton
emission and hence can not be used as a proxy for the accretion rate.
We take VLBI radio luminosities for the blazars observed in the VIPS survey and use the
theoretical predictions from the optical FP to find a blazar Lorentz factor distribution in the form
of a power law. A power law form of the Lorentz factor distribution has been explored earlier.
Padovani & Urry [1992] had found a Lorentz factor distribution in< the form of N( ) Ã  ≠2.3,
while Lister & Marscher [1997] had used a distribution of the form N( ) Ã  –, where ≠1.5 <
– < ≠1.75.
Here, we constrain the blazar Lorentz factor distribution along with its uncertainties, within
the error range of the previous studies, to be a power law of the form N( ) Ã  ≠2.1±0.4 in the  
range of 1 to 40. This Lorentz factor distribution of blazar population can be used in relativistic
beaming models of blazar sources to properly constrain the physics of jet launching region and
estimate their underlying intrinsic physical properties. The  -distribution presented in this paper
has been obtained for the VIPS sample of blazars, which lie in the declination range of 15¶-65¶
and have a flux density of 85 mJy or higher at 8.4 GHz. The finding should hold for the whole
parent population of the CLASS sample, which consists mainly of radio galaxies and flat spectrum
radio quasars. With a bigger, statistically complete sample of blazars and further refinement of
the optical fundamental plane, it will be possible to place tighter constrains on the shape of this
distribution.
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1.4 GHz on the Fundamental Plane
of Black Hole Activity
Payaswini Saikia, Elmar Körding and Salome Dibi
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Abstract
The fundamental plane of black hole activity is an empirical relationship between the
OIII/X-ray luminosity depicting the accretion power, the radio luminosity as a probe
of the instantaneous jet power and the mass of the black hole. For the first time, we
use the 1.4 GHz FIRST radio luminosities on the optical fundamental plane, to inves-
tigate whether or not FIRST fluxes can trace nuclear activity. We use a SDSS-FIRST
cross-correlated sample of 10149 active galaxies and analyse their positioning on the
optical fundamental plane. We focus on various reasons that can cause the discrepancy
between the observed FIRST radio fluxes and the theoretically expected core radio
fluxes, and show that that FIRST fluxes are heavily contaminated by non-nuclear,
extended components and other environmental factors. We show that the subsample
of ‘compact sources’, which should have negligible lobe contribution, statistically fol-
low the fundamental plane when corrected for relativistic beaming, while all the other
sources lie above the plane. The sample of LINERs, which should have negligible lobe
and beaming contribution, also follow the fundamental plane. A combined fit of the
low-luminosity AGN and the X-ray binaries, with the LINERs, results in the relation
log LR = 0.77 log LOIII + 0.69 log M. Assuming that the original fundamental plane
relation is correct, we conclude that 1.4 GHz FIRST fluxes do not trace the pure ‘core’
jet and instantaneous nuclear activity in the AGN, and one needs to be careful while
using it on the fundamental plane of black hole activity.
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4.1 Introduction
The fundamental plane of black hole activity is a plane stretched out by both the stellar-mass and
supermassive black holes (SMBH) in the three-dimensional space given by the mass of the black
holes, the X-ray/OIII luminosities and the core radio luminosities [Merloni et al., 2003; Falcke et
al., 2004; Saikia et al., 2015; Nisbet & Best, 2016]. The fundamental plane (FP) can be theoreti-
cally explained by the radio emission coming from synchrotron radiation produced by relativistic
compact jets, and the X-ray emission originating either at a radiatively ine cient accretion flow
[Blandford & Königl, 1979; Falcke & Biermann, 1995; Heinz & Sunayev, 2003] or at the base of
the jet [Marko  et al., 2003]. This relationship suggests that the black holes of the entire mass
range regulate their radiative and mechanical luminosities in the same way at any given accretion
rate, when scaled to their respective Eddington rate.
The theoretical explanation of the black hole fundamental plane is based on the core compo-
nent of the AGN, leaving out the extended emission (as described in Falcke et al. [2004], based
on Falcke & Biermann [1995]; Blandford & Königl [1979]). Hence it is required to trace the nu-
clear radio jet emission, to correctly constrain the fundamental plane parameters. In order to
probe the ‘core’ nuclear radio luminosity of an active galactic nuclei (AGN), it is necessary to use
high-resolution and high-frequency radio observations. Namely, radio fluxes obtained with the
Very Large Array (VLA) in A-configuration at 5 or 15 GHz frequencies are expected to probe the
instantaneous central ‘core’ radio flux of an AGN. However, many recent studies have used radio
fluxes extracted from the Faint Images of the Radio Sky at Twenty-Centimeters [FIRST, White
et al., 1997] survey that observed with the VLA in B-configuration at 1.4 GHz [e.g. Wang et al.,
2006; Li, Wu & Wang, 2008, etc.]. While some studies have obtained very di erent fundamental
plane coe cients when non-core emission is included [e.g. Wang et al., 2006, etc.], some other
studies have not found any significant deviations [eg. Wong et al., 2016, etc.].
As one moves from 15 to 1.4 GHz radio frequency, the VLA telescope beam becomes ≥100
times smaller. In addition to that, many of these sources have a steep spectrum (F‹ ≥ ‹0.6).
Hence, when the radio observation is performed at a lower frequency like 1.4 GHz, we lose a
factor of ≥ 400 in resolving power compared to observations made at 15 GHz. Moreover, the
FIRST observations are performed with the VLA in B-configuration, which has a much shorter
baseline compared to the A-configuration. Considering all these factors, if we use radio fluxes
reported in the FIRST survey, we lose a factor ≥1000 in resolving power, as opposed to the radio
fluxes observed with the VLA in A-configuration at 15 GHz. Thus, it is likely that the radio fluxes
reported by FIRST do not only represent the core of the AGN, since they might be contaminated
by extended radio emission coming from non-nuclear sources.
Naturally, the FP studies done using the radio fluxes from the FIRST survey have reported
di erent best-fit correlation coe cients than the original FP discovered by Merloni et al. [2003]
and Falcke et al. [2004]. Wang et al. [2006] studied an uniform sample of all the 115 broad line AGN
after cross-correlating ROSAT All-Sky Survey catalog [RASS, Voges et al., 1990], Sloan Digital
Sky Survey (SDSS) survey and the FIRST catalogue. They report a much weaker dependence of
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the FP on the mass of the black hole than what was previously thought. They also show that
the FP stretched out by the radio-loud objects have a steeper slope compared to the radio-quiet
ones, whereas the previous plane relation was found to be universal for all the di erent types of
black holes. In addition, Li, Wu & Wang [2008] report the same result with a much larger sample
of 725 broad line AGN.
On the other hand, Nisbet & Best [2016] carefully selected only the Low-ionization nuclear
emission-line regions (LINERs) in the FIRST catalogue. LINERs are expected to be the higher-
mass counterparts of the low/hard state X-ray binaries (XRBs). Despite using FIRST to trace the
core jet power, they find that the original FP relation holds when only LINERs are selected in the
sample. This result suggests that FIRST radio fluxes can be used on the FP only in few carefully
considered and specific conditions, and raises the concern of whether FIRST fluxes should be used
to trace nuclear jet activities of all AGN sources.
For the first time, we use the FIRST radio fluxes in the ‘optical’ fundamental plane of black
hole activity. One of the main advantages of using optical emission lines as a proxy of the accretion
rate is that it is measurable in a large number of sources. The aim of this paper is to check if
populating the plane with FIRST fluxes is possible and if not why. The question we want to
explore is whether the FIRST radio fluxes trace the core jet power and nuclear activity in the
AGN, or if it is heavily contaminated by environmental and other non-nuclear factors. For this
purpose, we use all the AGN in the SDSS-FIRST cross-correlated sample, with available 1.4 GHz
radio luminosity, [OIII] emission line luminosity and the estimated mass of the black hole. The
final sample consists of 10149 active galaxies. If this sample is indeed probing the ‘core’ nuclear
part of the AGN sources, we can heavily populate the plane and significantly refine its best-fit
parameters.
We describe the sample of 10149 active galaxies in Section 4.2. In Section 4.3, we explore
the possible factors behind the discrepancy between the observed FIRST radio fluxes and the
theoretically expected core radio fluxes from the FP relation. We also use crude theoretical
relations to predict the extended radio luminosities of the lobes and study the positioning of
di erent sub-samples of AGN on the optical FP. Finally, we discuss our results and present the
conclusions in Section 4.4.
4.2 Sample selection
The present optical fundamental plane of black hole activity uses 15 GHz radio luminosity to trace
the instantaneous jet power of an AGN. Therefore it is severely limited by the low number of VLA
detections of the radio core. The current FP relation is obtained with only 39 low-luminosity AGN
[Saikia et al., 2015]. With the aim of populating the plane and constraining its parameters we used
the FIRST survey, which has the largest sample of active galaxies detected by the VLA at 1.4 GHz.
We selected the sample of 18286 radio-loud AGN presented in Best & Heckmann [2012] as the
parent sample. They constructed this sample by combining the seventh data release of the SDSS
with the NRAO VLA Sky Survey [NVSS, Condon et al., 1998] and the FIRST catalogue.
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As we require only those galaxies which have available [OIII] emission line fluxes, we performed
a coordinate match of this parent sample with the study of emission lines in SDSS galaxies by the
publicly available Gas and Absorption Line Fitting (GANDALF; Sarzi et al. 2006) code. This
reduced the size of our sample to 18051 galaxies. From the whole sample, 15189 are AGN and
2853 are star-forming galaxies. We cross-correlated the 15189 AGN with the FIRST catalogue
and finally selected all the active galaxies for which we have data on [OIII] emission line flux, 1.4
GHz radio flux and black hole mass (estimated from stellar velocity dispersion). This reduced the
total size of the sample to 10149 AGN. The luminosity distances for these sources were derived
from their redshifts reported in Best & Heckmann [2012].
In order to include black holes of the entire mass range, we made use of the low-luminosity
AGN (LLAGN) and XRB samples that were used to define the original optical fundamental plane
[Saikia et al., 2015]. This LLAGN sample was extracted from the Palomar Spectroscopic Survey
[Ho et al., 1995]. All the 39 LLAGN with known radio luminosities at 15 GHz [Nagar et al.,
2005] and [OIII] line luminosities [Ho et al., 1997] were selected for the study. The stellar mass
XRB sample comprises the best-studied XRBs in the hard state; GX 339-4 (Corbel et al. 2013),
V404 Cyg (Corbel et al. 2008), XTE J1118+480 (Merloni et al. 2003) and A06200-00 (Gallo et
al. 2006).
4.3 The FIRST sample on the fundamental plane
The fundamental plane of black hole activity is a universal correlation between nuclear jet power
and accretion rate in black holes of the entire mass range. In order to study this plane, we selected
the largest possible sample of active galaxies with available information on 1.4 GHz radio fluxes
and [OIII] emission line fluxes, as well as estimates of the redshifts and the black hole masses. A
sample of 10149 active galaxies is obtained by cross-correlating the SDSS catalogue and FIRST
survey as described in Section 4.2. If FIRST 1.4 GHz radio fluxes indeed trace the instantaneous
nuclear jet power, then these sources should theoretically follow the fundamental plane of black
hole activity. On the contrary, a statistical disagreement between the fundamental plane relation
and the observed 1.4 GHz fluxes can imply that FIRST fluxes do not purely trace nuclear jet
activities, and are significantly contaminated by environmental factors and non-nuclear extended
radio emissions.
We use the optical fundamental plane for this study, where the nuclear [OIII] emission line
is used as an indirect proxy for the accretion rate [Saikia et al., 2015]. Unlike X-rays, [OIII] line
luminosity is relatively easier to obtain, as it can be measured by ground-based observations.
Moreover, as the [OIII] emission line originates far from the central black hole, contamination
coming from relativistic beaming and the e ects of torus obscuration are minimized. In addition,
the [OIII] line is known to be relatively weak in metal-rich, star-forming galaxies. Hence the
optical fundamental plane gives several advantages over the X-ray fundamental plane to study
such objects. But it also has limitations and introduces more scatter to the fundamental plane.
For example, in order to compare the active galaxies with the XRBs, a simple relation between
the [OIII] and X-ray luminosities is used. This relation, log L3≠20keV/LOIII= 2.15, has a scatter
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Figure 4.1: Position of the FIRST sample on the optical fundamental plane. XRBs are shown in
blue squares, LLAGN in red circles and the FIRST sources in green triangles. The red
solid line is the projection of the best-fit plane using only LLAGN sample. A typical
horizontal error-bar on the sources, estimated through simple error propagation using
all the uncertainties involved, is shown for reference in the bottom right part of the
plot. Luminosities are given in erg s≠1 while the masses are in the unit of solar mass.
of ≥0.5 dex [Heckman et al., 2005], which introduces additional uncertainties in the fundamental
plane coe cients.
The parameters of the original optical fundamental plane are obtained from a LLAGN sample
with 15 GHz VLA A-configuration radio fluxes and a low/hard state XRB sample with 5 GHz
radio fluxes [Saikia et al., 2015]. In order to compare these two samples, the LLAGN 5 GHz radio
fluxes were predicted from the 15 GHz VLA flux by assuming a flat radio spectrum. Here, we
repeated the same procedure to estimate the 5 GHz radio fluxes for the new FIRST AGN sample
observed at 1.4 GHz. Moreover, to compare the new AGN sample with the XRBs, we converted
their [OIII] emission line fluxes to X-ray fluxes by using a simple linear relation, log(L3-20keV/LOIII)
= 2.15 dex [Heckman et al., 2005].
In order to estimate the plane coe cients, we use the same approach of Multivariate Correla-
tion Linear regression analysis, as described in Saikia et al. [2015]. We use the modified chi-square
estimator known as merit function, which is defined as
‰2(a, b) =
ÿ
i
(yi ≠ b≠q
j
ajxij)2
‡2yi +
q
j
(aj‡xij )2
, (4.1)
where ‡xij and ‡yi denote the respective uncertainties, yi are the [OIII] line luminosities, x1j the
radio luminosities at 15 GHz and x2j the black hole masses. The linear regression coe cients aj
and the zero intercept b can be calculated by minimizing ‰2.
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We have included all the errors and uncertainties involved in each variable, in order to cor-
rectly extract the parameters of the best-fit plane with the merit function. The uncertainty in
luminosity depends on both flux and distance measurements. The radio and optical fluxes typi-
cally have an uncertainty of less than 10 percent, and is fixed at 0.05 dex in our analysis. Error
in the distance measurements is taken as 0.15 dex. We have used the correlation between stellar
velocity dispersion and mass to estimate the AGN masses, using the M-‡ relation. Hence, the
uncertainty involved in the masses is also estimated from the scatter in the M-‡ relation, which
typically is around 0.34 dex [eg. Merritt & Ferrarese, 2001; Kormendy & Ho, 2013]. We have
incorporated all the errors mentioned here in the merit function, to correctly estimate the best-
fit plane coe cients. A typical horizontal error-bar on the sources is calculated through simple
error propagation using all the uncertainties mentioned above, and included for reference in the
fundamental plane plots. It is important to note that this is not the exact uncertainty on each
of the sources, but an estimation of the expected horizontal error-bars. In addition to these, an
intrinsic scatter term is included, whose exact magnitude is chosen to ensure that the reduced
merit function is unity. This intrinsic scatter is generally found to be between 0.2 to 0.4 dex.
It takes into account various factors like source peculiarities, non-simultaneous measurements of
radio and optical flux of AGN, e ects of spin, beaming statistics, absorption etc.
We note that additional uncertainty is introduced by the conversion relation between X-ray
luminosity and [OIII] emission line luminosity for the AGN population [≥0.5 dex, Heckman et al.,
2005]. Although it is the main contributor in the error budget, it is not correlated with the rest
of the uncertainties, and will just introduce additional scatter in the fundamental plane relation.
We included the new sample of FIRST active galaxies on the existing optical FP, and found
that most of these sources have higher radio luminosities than predicted and lie well above the
plane (see Fig. 4.1). The discrepancy observed between the theoretically expected and the
observed FIRST radio luminosities could imply that radio-loud sources do not follow the FP
of black hole activity. Alternatively, it could be explained by an over-estimation of the radio
emission owing to the e ects of relativistic beaming, or by the fact that the radio luminosity at
1.4 GHz has considerable contribution from non-nuclear extended radio emission which do not
trace instantaneous nuclear activity. In the following subsections, we discuss each of these three
possible factors in detail.
4.3.1 Radio-loud sources do not follow the plane
The first possibility to consider is that these are all powerful radio-loud sources, which do not
follow the fundamental plane. This explanation is inspired by recent results from Hovatta et al.
[2009], where they have studied a set of powerful radio galaxies from the 3CRR catalogue with
z<1. They used deep XMM spectroscopy to disentangle jet and accretion-related components in
the X-ray fluxes of this sample. They found that when the accretion-related X-ray component is
used the sources follow the fundamental plane, whereas the sample moves above the fundamental
plane when jet-related X-ray component is used.
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Gasperin et al. [2011] reported similar findings by analysing a sample of 17 radio-loud LLAGN
with black hole mass ≥ 108M§ within a narrow redshift range (0.05 < z < 0.11). They measured
the core X-ray emission using Chandra and the radio emission with the VLA and found that al-
most all the sources in the sample lie above the fundamental plane. Both these papers interpreted
that the sources lie above the fundamental plane whenever the X-ray emission is dominated by the
jet synchrotron emission, rather than the Comptonization emission coming from the radiatively
ine cient accretion flow.
Generally, the observed X-ray luminosity can be a superposition of several components, orig-
inating at both the accretion flow and the jet. These include inverse Compton emission from a
corona, synchrotron radiation from a jet and synchrotron self-Compton emission from the accre-
tion flow or the jet. Many of these components will change its spectral shape with the black hole
mass or the luminosity. For example, the synchrotron emission from the jet may change its cut-o 
energy depending on the luminosity of the accretion flow [see e.g. Ghisellini et al., 2002]. Thus,
depending on the model used for the origin of the X-ray emission, one may need to correct the
spectral energy distribution of the source with respect to the black hole mass or luminosity [see
discussion by Plotkin et al., 2012; Körding et al., 2006]. This correction would move the sources
lying above the fundamental plane back down to the correlation. We note however, that this
e ect is far smaller than the e ect seen here for the FIRST radio sources.
Hence, although we can not completely rule out the possibility that radio-loud sources do not
follow the fundamental plane, we do not expect this to significantly a ect our study, especially as
we are studying the optical fundamental plane, thus using [OIII] emission line luminosity in place
of X-ray luminosity to trace the accretion rate of the active galaxies.
4.3.2 Most of the sample is highly beamed
The second possible physical process that can contribute towards a much higher observed radio
luminosity than what is expected theoretically, is the relativistic beaming of a jet. The observed
emission from relativistic jets of an active galaxy can be considerably brighter compared to the
intrinsic luminosity, owing to relativistic e ects.
It is not completely clear what fraction of the FIRST galaxies is relativistically beamed. Lu et
al. [2010] estimates the Type 1 fraction in the FIRST survey to be just 20-30%. Generally, Type 2
AGNs are not beamed at all. Hence we do not expect majority of the FIRST sources to be highly
boosted. In order to explore if relativistic beaming can still explain the discrepancy in the ex-
pected and the observed radio luminosity, we use a standard Monte Carlo test, as explained below.
In the first approximation, relativistic beaming can be defined by just two intrinsic parameters
- the Lorentz factor and the viewing angle. If Lint is the intrinsic luminosity and Lobs is the
observed luminosity, then Lobs = ”pLint, where ” is the kinematic Doppler factor given as
” = 1 (1≠ —Cos◊)
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Figure 4.2: Comparison between the radio luminosity distributions of the observed FIRST sources
and the expected luminosity of the ≥40% sources that could be theoretically boosted
from the fundamental plane using Monte Carlo simulation.
where — is the bulk jet velocity in units of c,   is the Lorentz factor defined as (1≠ —2)≠1/2 and
◊ is the viewing angle of the jet with respect to our line-of-sight. The exponent p depends on
various assumptions about jet structure, jet emission spectrum and the frequency at which the
jet is observed. For a spectral index – defined as S‹ Ã ‹–, p can be approximated to be p = 2+–
for a continuous jet or 3 + – for a jet with distinct blobs.
To check whether relativistic beaming can boost the intrinsic radio luminosity of these sources
to the range of observed luminosity Lobs , we followed the method described in Saikia et al. [2016].
We first used the optical fundamental plane relation, black hole mass and the [OIII] line luminos-
ity, to estimate the core jet power of these sources. This is the intrinsic radio luminosity Lint of the
source. We then constructed a Monte carlo simulation to theoretically boost the intrinsic radio
luminosities. This monte carlo simulation is repeated for di erent viewing angles and Lorentz
factor distributions. We finally compared the resultant theoretical radio luminosity distribution
derived from the monte carlo simulation, with the radio luminosity distribution obtained from the
FIRST observations. We find that for no viewing angle or Lorentz factor distribution, the intrin-
sic luminosities for the whole sample can be boosted to match the observed FIRST luminosities.
This rules out the possibility of relativistic beaming being the sole or the most dominant cause
of the observed high radio luminosity.
This is generally expected because the FIRST sample contains active galaxies at various
viewing angles to our line of sight. For a normal broad-line region AGN, usually   ≥ 5 [Orr
& Browne, 1982], ◊ < 10o [Maraschi & Rovetti, 1994] and the boosting factor is expected to
be less than 30, which is not enough to account for the huge discrepancy observed between the
theoretically expected and the FIRST radio luminosities.
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Boosting factors can go as high as 1000 only for blazars with   <10 [Orr & Browne, 1982] and
◊ < 5o. Blazars have a core-dominated radio morphology and their radiation is dominated by a
relativistic jet oriented close to our line of sight. Hence, blazar jets can be highly relativistically
beamed depending on their orientation. However, even if we assume all the 10149 sources in
our sample to be highly beamed blazars and theoretically boost them from the fundamental
plane, we find that only a fraction of them can be theoretically boosted to reach the luminosity
range of FIRST observations. In Fig. 4.2 we present the comparison of the FIRST observed
radio luminosity distribution with the theoretically expected radio luminosity distribution (after
boosting the sources from the fundamental plane using Monte Carlo simulation). Here, we have
fixed a uniform ◊ distribution from 0o to 30o (as higher angles are unlikely to be detected) and
a power-law Lorentz factor distribution of the form N( ) Ã  ≠2.1±0.4 for   ranging from 1 to 40
[Saikia et al., 2016]. But even if we assume that the sample is dominated by highly relativistic
blazars, it is not possible to create a simulated radio luminosity distribution having statistically
significant similarities with the sample observed with FIRST, for any combination of ◊ and “
distributions.
Hence, although the relativistic beaming might have significant influence on the radio lumi-
nosities of these sources, we showed that this e ect alone is not enough to explain the high radio
luminosity observed for most of the sources. Note that in section 4.3.3.1, we discuss the subsam-
ple of compact sources where relativistic beaming can account for the gap between theoretically
expected and observed radio luminosities. For the rest of the sample there should be other fac-
tors in addition to the e ect of relativistic beaming to explain the large discrepancy between the
observed and theoretically expected radio fluxes.
4.3.3 1.4 GHz is dominated by extended emissions
The final possibility we investigate is whether the 1.4 GHz radio flux at FIRST/NVSS resolution
has considerable contributions coming from extended emissions such as the radio lobes or envi-
ronmental factors that can increase the radio luminosity observed. If contribution from extended
emission is indeed the dominant cause of the discrepancy between the expected core radio flux
and the observed FIRST radio flux, then at least the compact sources and the LINERs should
follow the optical fundamental plane.
In the following subsections we select the compact sources and the LINERs from our complete
sample and study their behaviour on the optical fundamental plane.
4.3.3.1 Subsample I : Compact sources
Compact sources are the sources with negligible radio lobes and other non-nuclear extended
emission. That is, if an extended radio emission contribution is the dominant reason why FIRST
active galaxies are more radio luminous than expected, then we expect the compact sources to
follow the fundamental plane, once corrected for the e ects of relativistic beaming.
To check for this, we created a subsample including all the 847 sources for which the NVSS
flux equals the flux of FIRST, after including a 5% error bar in the observed fluxes to account
for the observational uncertainity in the fluxes. Both FIRST and NVSS are 1.4 GHz galaxy
surveys performed with the VLA at two di erent configurations, resulting in di erent e ective
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Figure 4.3: The top panel shows the position of the 847 FIRST ‘compact’ sample on the optical
fundamental plane, as shown in green triangles. The orange squares depict the sources
that are theoretically boosted from their intrinsic radio luminosity, assuming them to
be dominated by a blazar population. A typical horizontal error-bar on the sources,
estimated through simple error propagation using all the uncertainties involved, is
shown for reference in the bottom right part of the plot. The two radio luminosity
distributions are shown in the bottom panel. Luminosities are given in erg s≠1 while
the masses are in the unit of solar mass.
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resolutions and sensitivities. While FIRST with its relatively high resolution underestimates the
flux of extended sources and largely samples only compact sources, NVSS detects both nuclear
and disc emission from galaxies. Hence, at first approximation FIRST/NVSS flux ratio can be
used as an indirect measure of the compactness of the source.
Theoretically, these ‘compact’ sources should not have considerable lobe contribution in their
FIRST fluxes and should follow the fundamental plane. But as shown in Fig. 4.3, we find that
these sources have a slightly higher radio luminosity than what is expected from the optical fun-
damental plane. We checked whether the relativistic beaming can explain the di erence in the
observed and the expected radio luminosities for these sources. For this, we followed the same
approach as described in section 4.3.2, using relativistic boosting parameters obtained at Saikia
et al. [2016]. We first use the observed black hole mass, the [OIII] line luminosity and the optical
fundamental plane relation to estimate the intrinsic radio luminosity of the source. Then, we used
the monte carlo simulation to introduce the relativistic beaming to the sample. In the simulation,
we used a uniform ◊ distribution from 0o to 30o and a power-law Lorentz factor distribution of the
form N( ) Ã  ≠2.1±0.4 with   ranging from 1 to 40 [Saikia et al., 2016], to theoretically boost the
intrinsic radio fluxes of the compact subsample. In order to match the sensitivity of the simulated
sample with the observed one, we incorporated the selection e ect of our parent sample (radio
cut-o  of 5 mJy, Best & Heckmann [2012]) in the Monte Carlo simulation. As shown in the top
panel of Fig. 4.3, we observed that the ‘compact’ subsample can be theoretically boosted to reach
the exact FIRST flux range. Therefore, the compact sources in our sample that were corrected
for relativistic beaming follow the fundamental plane, even when FIRST radio fluxes at 1.4 GHz
frequency are used. A Kolmogorov-Smirnov (KS) test was performed to statistically quantify the
similarities between the theoretically boosted and the observed radio luminosity distributions.
The KS statistic is 0.05± 0.01 with a p-value of 0.18± 0.13, thereby showing that the underlying
radio luminosity distributions are in agreement with being similar.
Thus, at least for the compact sources the 1.4 GHz radio luminosity range can be explained
with a relativistically beamed AGN core. On the other hand, non-compact radio sources will have
extended radio emissions, which will significantly contribute towards the 1.4 GHz fluxes measured
with the VLA either with FIRST or NVSS resolution.
4.3.3.2 Subsample II : LINERs
We also studied the sub-sample of LINERs on the optical fundamental plane. LINERs are gen-
erally accepted to be powered by low-luminosity AGN, owing to the presence of broad and some-
times variable Balmer lines in their optical spectra [eg. Ho et al., 1997; Eracleous & Halpern, 2001,
etc.], compact radio cores [eg. Nagar et al., 2005] and hard X-ray cores [eg. Gonzalez-Martin et
al., 2009]. Few recent studies also discussed the possibility of a non-nuclear origin of LINERs
[eg. Cid Fernandes et al., 2011; Yan & Blanton, 2012], although the results were not conclusive
due to lack of full spatial or spectral information. Nevertheless, the origin of LINERs is still
debatable. We are still including the LINERs in our analysis as they are known to follow the
Fundamental Plane [eg. Merloni et al., 2003; Nisbet & Best, 2016, etc.], and are seen to have a
much less scatter around the plane, compared to the seyferts and the quasars [Körding et al., 2006].
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Figure 4.4: Fitting the LINERs along with the LLAGN and XRBs on the optical fundamental
plane. A typical horizontal error-bar on the sources, estimated through simple error
propagation using all the uncertainties involved, is shown for reference in the bottom
right part of the plot. Luminosities are in erg s≠1 while masses are in the unit of solar
mass.
LINERs are considered to be the higher-mass counterparts of the low/hard state XRBs. They
are characterized by weak and small-scale radio jets, with luminosities that are weaker than Seyfert
galaxies and quasars [Nisbet & Best, 2016]. Accordingly, LINERs should not be considerably
beamed, and are not expected to have significant lobe contributions. The sample used in the
original fundamental plane have a significant fraction of LINERs, and these sources seem to have
the lowest scatter around the fundamental plane [see e.g. Körding et al., 2006]. Therefore, we
expect the LINERs to follow the optical fundamental plane relation.
Nisbet & Best [2016] have explicitly studied LINERs on the original FP with FIRST radio
fluxes. At low radio powers, the 1.4 GHz radio emission is likely to be better correlated to the
core radio fluxes at 15 GHz, which are usually used in these kind of studies. The authors report a
fundamental plane parameters given by log LR = (0.65± 0.07) log LX + (0.69± 0.1) log M. This
is significantly flatter than the original fundamental plane, reported as log LR = (0.60± 0.11) log
LX + (0.78± 0.1) log M.
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To compare their results with the work presented here, we used the same LINER sample on
the optical plane with the existing LLAGN and XRBs. As shown in Fig. 4.5 and 4.6, when plot-
ting the LINERS using the standard fundamental plane relation, we found that the 1.4 GHz radio
fluxes are consistently above the fundamental plane, and they also show a di erent slope. On
average, brighter LINERs can deviate further from the fundamental plane, in line with a smooth
transition towards the full sample of the FIRST AGN sample. A combined fit of all the sources
including the LINERs result in the relation log LR = (0.77 ± 0.04) log LOIII + (0.69 ± 0.03) log
M (see Fig 4.4). The errors in the best-fit plane coe cients are estimated using a bootstrapping
routine. The fit parameters are more similar to the ones found for the optical fundamental plane,
but the mass dependency is especially lower.
We performed statistical tests on the optical plane obtained after including the LINERs in it,
and found that a simple Kendall Tau test shows that the plane correlation is significantly strong
(· = 0.53, with the probability for null hypothesis as Pnull < 2 ◊ 10≠10, for a sample of 847
sources, including hard-state XRBs, LLAGN and LINERs). However it is important to note that
a partial Kendall Tau correlation test performed with the distance as the third variable, gives a
Partial · = 0.24, with a probability for null hypothesis as Pnull < 7 ◊ 10≠3, indicating that the
correlation is less significant.
For comparison, when the radio luminosities are obtained with VLA in A-configuration at 15
GHz radio frequency, the significance of the plane increases. A partial Kendall Tau correlation
test performed on the original fundamental plane is reported as Pnull < 1◊10≠10 for the complete
sample of ≥110 black holes [Merloni et al., 2003], while the probability of the null hypothesis for
the optical fundamental plane with SMBHs is found to be Pnull < 3.9 ◊ 10≠3 for 39 LLAGN
sources [Saikia et al., 2015]. These results show that the underlying correlation is real and not a
distance-distance driven result. We can thus conclude that using 1.4 GHz radio fluxes significantly
weakens the correlation between radio luminosity and the underlying core jet power.
4.3.4 Various source populations on the Optical Fundamental Plane
The core radio luminosity of an active galaxy can be estimated by the fundamental plane. The
relation between the core and the lobe luminosity of an individual galaxy depends on many
physical parameters like the age, size and the type of the source, as well as the physical properties
of the environment. But a rough estimate of the lobe luminosity can be obtained from the jet
power, using the following equation from Willott et al. [1990]
Pjet(erg/s) = 3◊ 1017 ◊ f3/2 ◊ L151MHz(W Hz≠1 Sr≠1)
where Pjet is the mechanical jet power in erg/s and L151MHz is the luminosity of the radio lobes
at 151 MHz, measured in W/Hz/Sr. The factor ‘f ’ is a combination of all the uncertainties. For
this analysis, we have fixed the value of f to be ≥ 5 [Daly et al., 2012].
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Figure 4.5: Position and deviation of di erent source populations on the optical fundamental
plane. In the top panel, the FIRST AGN sample (green triangles), LINERs (orange
squares), LLAGN (red circles) and XRBs (blue diamonds) are plotted on the optical
fundamental plane. A typical horizontal error-bar on the sources, estimated through
simple error propagation using all the uncertainties involved, is shown for reference in
the bottom right part of the plot. Luminosities are given in erg s≠1 while the masses
are in the unit of solar mass. The bottom plot shows the distance of FIRST AGN
sample (red), LINERs (yellow) and LLAGN (green) from the fundamental plane (given
in dex), along with the theoretical estimation for position of the radio lobes (blue).
For easy visualization of the subsamples that have comparatively fewer sources, we
plot the y-axis in a logarithmic scale and show the mean position of every subsample
in dashed lines.
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This widely used estimator of jet power from extended radio emission in active galaxies is a
model-dependent predictor based on synchrotron minimum energy calculations in combination
with the self-similar model of radio galaxy evolution [Willott et al., 1990]. This equation has a
factor f to account for the systematic errors in the model assumptions and our ignorance of true
jet powers. This factor is expected to mainly depend on the type of the source and its surrounding,
and is estimated to lie between 1 and 20 through observational constraints [Willott et al., 1990].
While Blundell and Rawlings (2000) finds f to be ≥10 for a FR II population, Hardcastle et al.
[2007] reports that f lies in the range of 10-20 for FR I sources. This relation has been widely used
to get an estimate the mechanical output from active galaxies based on a single low frequency
luminosity measurement, with a constant value of f for the entire population [eg. Hardcastle et
al., 2007; Cattaneo & Best, 2009; Fernandes et al., 2011, etc.]. We use the same approach to get
an rough estimate of the lobe power for our sample, with a f -value ≥ 5, following Daly et al. [2012].
We investigate di erent AGN populations present in our sample (LLAGN, compact AGN,
LINERs and FIRST active galaxies) on the optical fundamental plane and check how they sys-
tematically deviate from the plane (see Fig 4.5). The optical fundamental plane is defined by
the LLAGN sample, which traces the ‘core’ radio line, while the ‘lobe’ radio line is theoretically
estimated from the equation above. The radio luminosities of the large sample of 10149 active
galaxies with the FIRST observations seem to be largely distributed between the core line and the
lobe line. Compared to the whole sample of FIRST active galaxies, the subsamples of compact
sources and LINERs lie closer to the radio core line defined by the fundamental plane.
Hence we see that di erent AGN sources have di erent levels of deviations from the funda-
mental plane, measured as the average distance of the source population from the best-fit plane
relation. The average and the range of deviation (in dex) for di erent source populations from
the best-fit relation is shown in Fig 4.6, and explained below.
1. The LLAGN and the XRBs are used to define the fundamental plane, which estimates the
‘core’ radio luminosity.
2. The ‘compact’ sources present in the FIRST sample are relativistically beamed. Once the
e ect of beaming is removed from the radio flux, the ‘compact’ sources statistically agree
with the fundamental plane relation.
3. The LINERs lie slightly above (on average a displacement of ≥ 0.9 dex from the fundamental
plane), when 1.4 GHz radio flux is used. But a combined fit of the LINERs with the LLAGN
and the XRBs follows the trend of the fundamental plane.
4. All the remaining sources in the FIRST sample are dominated by radio fluxes coming from
the lobe and other extended structures. They largely populate the area between the ‘core’
line and the estimated ‘lobe’ line on the fundamental plane.
Therefore, we conclude that the 1.4 GHz radio fluxes at FIRST resolution has contribution
from extended emission and lie between the radio fluxes expected from just the nuclear radio core
and the extended radio lobes.
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4.4 Discussion and conclusion
In this paper, we used a SDSS-FIRST cross-correlated sample of 10149 active galaxies to study
the optical black hole fundamental plane relationship, and investigate whether the 1.4 GHz fluxes
trace the nuclear jet power. We used the 1.4 GHz radio luminosity from the VLA FIRST survey,
the [OIII] emission line luminosity derived from SDSS spectra and the black hole mass obtained
from stellar velocity dispersion. We showed that the active galaxies observed with the VLA at 1.4
GHz with FIRST/NVSS resolution have higher radio fluxes compared to what is expected from
the fundamental plane of black hole activity or from pure nuclear core jet emission. We discussed
in detail the possible reasons behind the discrepancy between the observed and theoretical radio
luminosity distributions.
We showed that the relativistic beaming alone can not explain the large di erence between
these two distributions, when the complete sample is considered. We investigated the subsample
of 847 ‘compact’ sources in our sample, and found that their FIRST radio luminosity range can
be well explained with a relativistically beamed AGN core. Moreover, the LINER subsample,
which should have negligible contribution from extended emission and relativistic beaming, also
followed the fundamental plane relation. In conclusion, we may say that the FIRST fluxes of the
remaining sources have considerable contributions coming from extended radio emission.
While the optical fundamental plane traces the core radio power, theoretical approximations
can be used to roughly estimate the lobe radio power. We see that majority of the FIRST AGN
sources lie in the flux range defined by the observed core and expected lobe radio fluxes. This
is further evidence to our claim that FIRST radio fluxes have contribution from the extended
radio emission, and do not purely trace the nuclear jet power. With the assumption that the
fundamental plane relation is right, we suggest that one needs to be careful in using the 1.4 GHz
flux obtained with FIRST/NVSS resolution to estimate the pure nuclear activity of AGN.
Furthermore, compared to the FIRST survey (with VLA in B-configuration at 1.4 GHz radio
frequency), the VLA in A-configuration at 15 GHz radio observations will have a factor ≥1000
better in resolving power, which is necessary to remove the contribution coming from extended
emission and starburst activities. If the theory behind the fundamental plane of black hole activity
is right, we can use only the intrinsic ‘core’ nuclear jet power on the fundamental plane, after
removing the contributions from extended emission and relativistic beaming. Hence it is required
that the radio emissions used to construct the plane are observed with high-resolution facilities
(e.g. VLA in A-configuration) to resolve out all the non-nuclear extended emission and at high-
frequency (≥ 15 GHz) where extended emission is expected to be weaker. We conclude that it
is important to be cautious when selecting the type of radio observations, and the class of AGN
sources to study the fundamental plane of black hole activity and trace the nuclear jet power of
a source.
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Abstract
We present a sub-arcsec resolution radio imaging survey of a sample of 76 low-
luminosity active galactic nuclei (LLAGN) that were previously not detected with
the Very Large Array at 15 GHz. Compact, parsec-scale radio emission has been de-
tected above a flux density of 40 µJy in 60 % (45 of 76) of the LLAGN sample. We
detect 20 of 31 (64 %) low-ionization nuclear emission-line region (LINER) nuclei, 10
of 14 (71 %) low-luminosity Seyfert galaxies, and 15 of 31 (48 %) transition objects.
We use this sample to explore correlations between di erent emission lines and the
radio luminosity. We also populate the X-ray and the optical fundamental plane of
black hole activity and further refine its parameters. We obtain a fundamental plane
relation of log LR = 0.48 (±0.04) log LX + 0.79 (±0.03) log M and an optical funda-
mental plane relation of log LR = 0.63 (±0.05) log L[O III] + 0.67 (±0.03) log M after
including all the LLAGN detected at high resolution at 15 GHz, and the best-studied
hard state X-ray binaries.
Finally, we find conclusive evidence that the nuclear 15 GHz radio luminosity function
(RLF) of all the detected Palomar Sample LLAGN has a turnover at the low-luminosity
end, and is best-fitted with a broken power-law. The break in the power-law occurs
at a critical mass accretion rate of 1.2◊10≠3 M§/yr which translates to an Eddington
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ratio of m˙Edd ≥ 5.1 ◊ 10≠5, assuming a black hole mass of 109M§. The local group
stands closer to the extrapolation of the higher luminosity sources, and the classical
Seyferts agree with the nuclear RLF of the LLAGN in the local universe.
5.1 Introduction
Accretion and jet formation in Active Galactic Nuclei (AGN) have been extensively studied in
bright systems like quasars and Fanaro -Riley Type 1 and Type 2 [FR1 and FR2; Fanaro  &
Riley, 1974] radio galaxies. Low-luminosity AGN (LLAGN, AGN with Lbol <1042 erg s≠1) are
fainter AGN accreting at very low Eddington rates. These sources are significantly more numerous
than the higher-luminosity AGN. According to the Palomar spectroscopic survey of nearby galax-
ies [Ho et al., 1997], more than 40% of the galaxies in the local universe is comprised of LLAGN.
But they are intrinsically faint, and hence are neither as well-observed nor as well-understood as
the brighter AGN classes.
Observational and theoretical studies of LLAGN suggest that although these objects di er
from their high-power cousins, they are also powered by accretion onto a black hole [eg. Falcke
et al., 2000]. Most of these sources have low-ionization state spectra [eg. Ho et al., 1997]. They
seem to have radiatively ine cient accretion flows [eg. Ho, 2008]. The typical spectral energy
distribution of a LLAGN has an Infra-red excess, while the big blue bump in the optical-UV
region (typical in an AGN spectra) is generally absent [eg. Ho et al., 2010]. They are mostly seen
to be radio-loud compared to the general AGN population [eg. Nagar et al., 2005; Sikora et al.,
2007, etc.] and have radio emission indicating the presence of compact radio jets [eg. Falcke &
Biermann, 1999; Falcke, 2001; Nagar et al., 2005, etc.]. The X-ray spectra are generally described
by a simple power law with   ≥ 1.7 - 1.9, and the 6.4 keV Fe K– is almost always narrow [eg.
Terashima et al., 2002].
Physical as well as statistical properties of the LLAGN are extremely important to understand
as they bridge the physical parameter-space between the supermassive black holes in active- and
normal galaxies like our own Sgr Aı. The most studied LLAGN sample to date is the optically-
selected Palomar spectroscopic survey of all (≥488) northern galaxies [Ho et al., 1995]. Radio
detections of this sample however, are severely limited in the high frequency range (Ø 15 GHz).
These are required to observe and study the compact, nuclear core of the relativistic jet. The
most complete study of the Palomar LLAGN sample at 15 GHz to date has a detection rate of
35%, with a formal detection limit of 1.5 mJy [Nagar et al., 2005].
A complete radio sample of LLAGN is necessary to answer some of the key questions regarding
physics of AGN and their host galaxies, like what is the shape of the radio luminosity function
of AGN at the lowest luminosities, how is the accretion disc coupled to its jet, what is the e ect
of the host galaxy or the black hole spin on the jet and accretion power, does accretion physics
scale with black hole mass, do LLAGN belong to the analogue of the hard state X-Ray Binaries
(XRBs) etc.
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In this paper, we present a high resolution (≥0.2 arcsec) and high frequency (15 GHz) radio
imaging survey of 76 previously undetected LLAGN with the NSF’s Karl G. Jansky Very Large
Array [VLA, Perley et al., 2011] in A-configuration. Radio emission from LLAGN is thought to
originate in a compact jet, which produces a flat spectrum radio core with high brightness temper-
ature [eg. Falcke et al., 2000]. Observations with the high spatial resolution of the VLA at 15 GHz
in A-configuration ensures that we can distinguish between the nuclear and non-nuclear emission,
as any emission from star formation will be suppressed at such a high frequency. Moreover, obser-
vations at 15 GHz are una ected by the obscuration present at UV or optical wavelengths and is
less a ected by free-free absorption, compared to observations at longer centimeter wavelengths.
In Sect. 5.2, we define the sample used and summarize the previous archival 15 GHz observa-
tions of the LLAGN sources in the Palomar sample. The new observations and the data reduction
process are described in Sect. 5.3. The results of the observations are presented in Sect. 5.4. In
Sect. 5.5, we use the new radio detections to shed light on the mass-scaling relations of the central
black holes. We refine the X-ray and optical fundamental plane of black hole activity, which is
a relationship between the radio luminosity, OIII/X-ray luminosity and the black hole mass of
both hard state stellar-mass black holes and their supermassive analogs. While X-ray emission is
a more direct proxy for the accretion rate of an active galaxy, [OIII] line luminosity is relatively
easier to obtain, can be measured by ground-based observations and the contamination coming
from relativistic beaming and the e ects of torus obscuration are minimized. But as it is an in-
direct tracer of accretion rate, [OIII] emission introduces more scatter to the fundamental plane.
We discuss both these planes in Sect. 5.5. The radio luminosity function of the LLAGN sample
is discussed in Sect. 5.6. We finally discuss various physical properties of the LLAGN sample and
highlight the main conclusions of this study in Sect. 5.7. In this paper, we use a Hubble constant
H0 = 75 km s≠1 Mpc≠1 to be consistent with Ho et al. [1997] who tabulate the results of optical
spectroscopy of the Palomar sample.
5.2 Sample
The sample of LLAGN studied in the paper is taken from the optically-selected Palomar spec-
troscopic survey of all (≥488) northern galaxies with B· < 12.5 mag [Ho et al., 1995]. The
spectroscopic parameters as well as the nuclear activity classification of 418 galaxies in the Palo-
mar spectroscopic survey, which show nuclear emission lines, have been presented in Ho et al.
[1997]. Of these 418 galaxies, we consider only the 403 which belong to the defined Palomar sam-
ple. It is comprised mainly of low-luminosity Seyfert galaxies, Low Ionization Nuclear Emission
Region (LINER) objects and transition nuclei. This sample represents the local galaxy population
up to ≥ 120 Mpc. It has the largest database of homogeneous, highly sensitive and high-quality
optical spectra of nearby galaxies, making it ideal to study the LLAGN in the nearby universe.
Of the 403 sources in the Palomar sample, 206 are HII region type spectra and the rest (197)
are active galaxies (AGN and LLAGN). Nagar et al. [2005] observed all the 197 active sources in
the Palomar sample with the VLA, and detected 68 of them. With the new improved, highly-
sensitive VLA, we observed 76 of the remaining 129 sources. These 76 sources were randomly
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selected, without any additional biases or constraints. We plan to observe the rest of the previously
undetected sources (46 sources) in the next VLA A-configuration observing session and complete
the sample. All 76 galaxies currently observed by us were originally selected, using preliminary
spectral classification, to have nuclei with pure LINER or transition object characteristics. The
sample comprises the active side of the Palomar sources, as the HII galaxies and Absorption line
galaxies are not included. The 76 LLAGN reported in the paper consists of 31 pure LINERs, 31
transition objects, and 14 low-luminosity Seyfert galaxies.
5.2.1 Previous radio observations of the Palomar sample
Several radio surveys have observed a substantial fraction of the the Palomar galaxies [eg. Hummel
et al., 1987; Fabbiano et al., 1989; Carral et al., 1990; Falcke et al., 2000; Ulvestad & Ho, 2001;
Ho & Ulvestad, 2001; Filho et al., 2004; Nagar et al., 2005; Filho et al., 2006; Panessa & Giroletti,
2013; Baldi et al., 2018, etc.].
Ho & Ulvestad [2001] did a 1 arcsec resolution survey of the low-luminosity Seyferts in the
Palomar sample, and detected over 80% of the sources with the VLA at 1.4 and 5 GHz. Filho
et al. [2002] did a similar survey (2.5 arcsec resolution) for the composite LINER/HII galaxies in
the Palomar sample with the VLA at 8.4 GHz, and detected radio cores in ≥25% of the sources.
Another survey of the Palomar LINERs and composite LINER/HII galaxies was performed by
Filho et al. [2006] with the high-resolution Multi-Element Radio-Linked Interferometer Network
(MERLIN) at 5 GHz, and detected 21% of the sources previously undetected in high resolution.
Panessa & Giroletti [2013] performed a systematic radio survey of the radio-quiet Seyferts in the
Palomar sample, at sub-pc scale, with the very long baseline interferometry (VLBI) at 1.7 and
5 GHz. They found that out of 23 sources with a VLA detection, 17 are also detected with
VLBI. Baldi et al. [2018] did a high-resolution (Æ0.2 arcsec) 1.5 GHz radio survey of 103 Palomar
galaxies (both active and quiescent) with the eMERLIN array as part of the LeMMINGs survey,
and detected radio emission for 47 of the 103 galaxies.
Prior to this work, the most complete radio survey of all the LLAGN and AGN in the Palomar
sample at a uniform sensitivity and resolution is performed by Nagar et al. [2005]. They completed
a sub-arcsecond resolution 15 GHz VLA survey of the Palomar galaxies, but they could detect
only 35% of the complete sample due to the low sensitivity of the survey (rms≥0.2 mJy). The
majority of the detected sources were found to have fluxes between 1.5 mJy and ≥ 300 mJy.
5.2.2 New radio observations of the Palomar sample
In this study, we observed 76 of the previously undetected Palomar LLAGN at 15 GHz. With a
total time of ≥4 minutes per source using 5.28 GHz bandwidth, we reached a rms noise level as
low as 11.5 µJy, compared to previous surveys with the VLA at 15GHz which had noise levels
of ≥0.3mJy. The observations presented in this paper, together with the detection reported in
Nagar et al. [2005], comprises the most complete nuclear radio survey of the LLAGN and AGN
in the Palomar sample at 15 GHz.
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5.3 New VLA observations and data reduction
The 76 previously undetected low-luminosity Seyferts and LINERs of the Palomar sample were
observed at 15 GHz (2 cm) with the VLA, over nine runs comprising a total of 11.42 hrs during
October-December 2016. The VLA was in A-configuration at this time and was configured to
observe in full polarization mode. There was 6.144 GHz bandwidth, divided into 48 spectral
windows comprising 64 channels each.
Observations a ected due to mis-application of the online atmospheric delay model a ecting
all VLA science observations from 2016-08-09 and 2016-11-14, were fixed by reprocessing the
observations with the VLA calibration pipeline. As the on-source observing duration was short
(≥ 4-5 mins), the e ect was minimal and could be fixed during re-processing.
The target sources were observed with a ≥4-5 min integration time sandwiched between two
≥1 min observations on a nearby ‘phase calibrator’. Standard calibration was done with the VLA
calibration pipeline with additional flagging. Subsequent imaging was done in CASA [McMullin
et al., 2007], following the standard reduction procedures as outlined in the CASA cookbook,
including cleaning of the sources, correcting for primary beam and fitting the sources to measure
the flux densities of the sources. Observations of J1331+3030 (3C286) were used for most of
the target sources to set the flux-density scale at 15 GHz. The flux calibrators J0137+3309 and
J0542+4951 were used for the remaining 18 sources.
We reduced these data obtained from the di erent observing runs in the same way using the
inbuilt pipeline in CASA version 4.6.0. We used PyBDSM [Python Blob Detection and Source
Measurement, Mohan & Ra erty, 2015] to measure the flux density of the sources and map them
in Stokes I. The 1‡ error in flux, obtained by setting the flux density scale of the targets relative
to the flux density calibrators, is expected to be roughly ≥2.5%. The typical root mean square
(r.m.s.) noise in the final maps is ≥ 11.5 µJy.
5.4 Results of the VLA Radio Observations
A list of all the 45 sources detected in this survey, along with their radio properties (observed
position, beamsize, peak flux as well as error on the flux and RMS in the map) are given in the
Table 5.1. In Table 5.2, we list all the observations from this survey (all 76 sources) and compile
the previous VLA detections of the Palomar LLAGN [from Nagar et al., 2005]. For both the
tables, the columns are explained in the footnotes.
5.4.1 Detection rates for di erent sources
The complete sample of LLAGN and AGN in the Palomar survey has been sorted according to
their nuclear activity by Ho et al. [1997]. It comprises 45 Seyferts, 84 LINERs and 64 transition
(composite LINER + H II) nuclei. Of the complete sample, we observed 76 previously undetected
sources. Our radio observations with the VLA have detected 10 of 14 (71%) Seyferts, 20 of 31
(64%) LINERs, and 15 of 31 (48%) transition nuclei. The detection rates for di erent LLAGN
types is shown in Fig 5.1. The complete detection rate is ≥60%, compared to the most-complete
survey until now (detection rate ≥35%, Nagar et al 2005). The radio detections in this survey
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Figure 5.1: Di erent types of LLAGN in the Palomar Sample (197 sources, classification taken
from in Ho et al. [1997]). The red (filled with vertical lines) bins represent the new
detections reported in this paper, while the cyan (slanted lines) bins represent the
earlier observations reported in the literature [compiled in Nagar et al., 2005]. The
orange (crossed lines) bins depict the number of galaxies that were observed by us but
not detected. Finally, the dotted region in green shows the number of galaxies yet to
be observed with the highly sensitive VLA.
(45 sources) are compiled in Table 5.1, while the sample of LLAGN in the Palomar survey that
were observed and reported in this paper (76 sources), as well as the previous radio detections
obtained from the literature (67 sources) are compiled in Table 5.2. We exclude the sources that
are reported as non-detections (at 15 GHz) in the literature.
5.4.2 Measurement and errors on radio fluxes
The peak radio flux densities of the detected radio nuclei, and the errors on the flux measurements,
are given in Column 6 of Table 5.1. The radio flux distribution in the lowest flux range (0-5 mJy)
is shown in Fig 5.2. As seen in the figure, we are probing the very faint end of the LLAGN
population, that was previously either undetected or under-populated in the literature.
The errors in the measured flux densities can arise due to many factors. The main sources
of error are the accuracy of flux bootstrapping from a VLA flux calibrator (≥ 2.5%), variation
of antenna gain with elevation (less than 1.5% over the elevation range 35o to 65o, where our
flux calibrators were observed) and atmospheric opacity (≥0.02 at 2 cm for VLA, can result in a
source having an observed flux which is <0.5% larger when observed at elevation 70o, compared
to an observation at elevation 45o). The r.m.s. noise in the final maps is seen to be typically 11.5
µJy. Generally, the first factor i.e. the accuracy of VLA flux calibrator dominates the errors in
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Figure 5.2: Histogram of peak radio flux (in mJy) for the Palomar LLAGN sources. The red-
shaded bins represent the new detections reported in this paper, while the cyan dashed
bins represent the earlier observations reported in the literature [compiled in Nagar
et al., 2005]. We only show the fainter (< 5mJy) systems here for clarity..
the measured flux, which is typically ≥2.5% for the radio fluxes reported here [Nagar et al., 2005].
5.4.3 Compactness of the detected radio emission
The bulk of the detections reported here have no extended emission at 15 GHz. Only 5 of the
45 nuclei detected have evident extended emission - NGC 1055, NGC 5273, NGC 4395, NGC
4051, NGC 6951. Three LLAGN in our sample, namely NGC 521, NGC 5850 and NGC 410, have
hints of negligibly weak (less than 3‡) extended emission. The absence of extended emission in
the rest of the nuclei can be explained by the use of high frequency (15 GHz, where extended
emission is expected to be weak) and high resolution (≥0.2 arcsec, which can resolve out most of
the extended emission) observations.
5.4.4 Positional accuracy and distance measurements
The positional accuracy of the detected radio nuclei are limited by the positional accuracy of
the phase calibrators (typically 2-10 mas), and by the accuracy of the Gaussian fit to the source
brightness distribution (depends on the signal to noise ratio of the detection). This brings the
overall positional accuracy of the radio detections to ≥50 mas.
The distances for these sources (Column 3 of table 5.2) are taken from the literature [Hovatta
et al., 2009]. A histogram of the newly observed as well as previously detected LLAGN distances
is shown in Fig 5.3.
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Figure 5.3: Histograms of the distances for the sample of galaxies observed in this paper (red)
and detected by previous studies in the literature (cyan). The peak in the histogram
around D≥17 Mpc is caused by the members of the Virgo cluster.
5.4.5 Brightest source among the detections
The brightest source that we have detected in our survey is NGC 660 (peak radio flux density
of 62.8 mJy/beam). Interestingly, it was not detected by Nagar et al. [2005], as the source was
extremely faint when their observations were taken. In late 2012, a massive outburst emanating
from NGC 660 was detected, making the source many hundreds of times brighter than anything
seen in the archive of radio images of NGC 660 [Argo et al., 2015]. High resolution images from
the EVN presented evidence of a high-speed jet of material leaving the vicinity of the black hole,
and hence the onset of a new period of AGN activity in the core of NGC 660 [Argo et al., 2015].
5.5 Fundamental plane of black hole activity
The fundamental plane of black hole activity is a non-linear empirical relation followed by both
hard state stellar-mass black holes and their supermassive analogs. It indicates a relationship
between X-ray (or nuclear [OIII] emission line) luminosity, compact radio luminosity, and the
mass of the black hole [Merloni et al., 2003; Falcke et al., 2004; Saikia et al., 2015]. The radio
luminosity probes the power of the jet [Blandford & Königl, 1979; Falcke & Biermann, 1999],
while the X-ray or the [OIII] line emission is expected to trace the accretion rate. It is however
important to note that some studies havmpe suggested that in a purely jet-dominated AGN
system, most of the emission, including the X-rays, might come from the jet [eg. Marko  et al.,
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Figure 5.4: VLA 15 GHz (2 cm) radio maps of four typical compact galaxies in the survey (NGC
5485, NGC 6482, NGC 6340 and NGC 6703 ). The remaining sources (NGC 4051,
NGC 1055, NGC 5273, NGC 6951 and NGC 4395) plotted here are the only five
detections with extended emission. The rms noise for individual maps are 13.1, 9.0,
10.2, 9.2, 12.3, 10.6, 12.0, 11.2 and 11.1 µJy, respectively. The lowest-level contours
are at 3‡ rms noise for each source, while the subsequent contours are obtained at 3‡
rms noise multiplied by integer powers of 2.5. The dashed lines represent the negative
contours (which shows the -3‡ rms noise).
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Figure 5.5: Absence of a correlation between the Radio luminosity obtained with the VLA versus
the Xray luminosity in the 2-10 keV range (Pearson correlation coe cient = 0.31,
p-value = 0.0055). In our analysis, we include all the Palomar LLAGN that have been
detected by the VLA at 15 GHz (see Table 5.3). The relevant references to the X-ray
data points are listed in the caption of Table 5.3. Luminosities are given in erg s≠1.
2001; Balmaverdei et al., 2016, etc.], but it is still an open question.
We use the new LLAGN detections reported in this paper to study the fundamental plane.
For comparison with the stellar mass XRBs, we use the sample of the best-studied XRBs in
the low/hard state, as the radio spectrum of a stellar mass black hole in the low/hard state is
consistent with the spectra of a steady jet [Fender et al., 2004]. The sample used in this study
consists of GX 339-4 [88 quasi- simultaneous radio and X-ray observation from Corbel et al., 2013];
V404 Cyg [VLA radio and Chandra X-ray reported in Corbel et al., 2008]; XTE J1118+480 [from
the compilation in Merloni et al., 2003] and A06200-00 [simultaneous Chandra X- ray and VLA
radio observation reported in Gallo et al., 2006].
5.5.1 Fundamental plane with the new sample
In the previous studies of the fundamental plane, the radio fluxes of the supermassive black holes
are only distributed over a bit more than two orders of magnitude, while the distances span a
much wider range. A few studies have used radio fluxes extracted from the Faint Images of the
Radio Sky at Twenty-Centimeters [FIRST, White et al., 1997] survey, that observed with the VLA
in B-configuration at 1.4 GHz to study the fundamental plane [eg. Wang et al., 2006; Li, Wu &
Wang, 2008, etc.]. Although it increases the number of AGN radio detections in the fundamental
plane, it is uncertain if all these radio flux densities trace the nuclear jet luminosity [Saikia et al.,
2018].
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With the new observations reported in this paper, we have probed the previously undetected
LLAGN sample with high resolution (≥0.2 arcsec) and higher sensitivity (typical RMS ≥11.5µJy).
For the construction of the fundamental plane, we have used the radio luminosity derived from
the peak intensity. The new detections have more than doubled the number of LLAGN on the
fundamental plane. In addition to the size of the sample, two other important advantages of the
new observations used are the homogeneity of the sample (comprising only the low-luminosity
AGN in the local universe) and the uniformity in the resolution and the sensitivity of the radio
observations (VLA A-configuration, 15 GHz) used to refine the parameters of the fundamental
plane.
Figure 5.6: Projection of the Fundamental plane of black hole activity. The LLAGN sample is
shown in red stars, and the hard-state XRB sample is shown in blue triangles. The
black line is the best-fit line of the complete sample. Luminosities are given in erg s≠1
while the masses are in units of solar mass. The relevant references to the X-ray data
points are listed in the caption of Table 5.3.
The X-ray luminosity of the LLAGN sample at 2-10 keV range is compiled from the previous
literature (see Table 5.3 for references). We found hard X-ray luminosities for 78 of the total 121
LLAGN that were detected at 15 GHz. The black hole masses are estimated from the stellar
velocity dispersions presented in Hovatta et al. [2009], with the empirical relation between black
hole mass and central stellar velocity dispersions given in McConnell et al. [2011],
log MBHM§
= 8.29 + 5.12 log ‡200 km s≠1 .
As shown in Fig 5.5, there is no statistically significant correlation observed between the
nuclear radio and the X-ray luminosity (Pearson correlation coe cient = 0.31, p-value = 0.0055).
In order to investigate the fundamental plane relation, we use the mass of the black hole as the
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third variable in our analysis. We perform a Multivariate Correlation Linear regression analysis
on these data, using the modified chi-square estimator known as merit function to estimate the
parameters for the plane. The best fit plane relation obtained with only the supermassive black
holes is log LR = 0.46 (±0.10) log LX + 0.98 (±0.09) log M. For the complete picture, we also
include the best-studied hard-state XRBs, as described in the beginning of Sect 5.5. We find that
the best fit plane relation is log LR = 0.48 (±0.04) log LX + 0.79 (±0.03) log M.
We perform a simple Kendall Tau Correlation Test to verify the significance of the plane.
We get a Kendall Tau coe cient value of ·=0.86 (with the probability for null hypothesis as
Pnull < 1 ◊ 10≠20), hence showing that the plane relation obtained is statistically significant. In
order to statistically check for spurious e ects in luminosity-luminosity plots due to their common
dependence on distance, we also perform a partial Kendall Tau correlation test with distance as
the third variable. We get a Partial Kendall Tau coe cient value · = 0.53, with a probability for
null hypothesis as Pnull = 1 ◊ 10≠4, indicating that the correlation is weaker, but still statistically
significant.
5.5.2 Optical Fundamental Plane with the new sample
The fundamental plane was recently discovered in the optical band using the nuclear [OIII] emis-
sion line luminosity instead of X-ray luminosity to trace the accretion power [Saikia et al., 2015],
using 39 LLAGN. Baldi et al. [2018] used high angular resolution (≥150 mas) observations of the
Palomar LLAGN at 1.5 GHz with the eMERLIN array and found that independent of their opti-
cal classes, the complete sample broadly follow the optical fundamental plane relation obtained in
Saikia et al. [2015]. With the new detections reported in this paper, we have more than doubled
the LLAGN sample used in the discovery paper.
In order to check for the parameters of the optical fundamental plane with our much larger
and deeper sample, we use the [O III] line luminosities of the Palomar sample reported in [Ho et
al., 1997]. We find no significant correlation between the observed radio luminosity at 15 GHz and
the nuclear [OIII] line luminosity (Pearson correlation coe cient = 0.4, p-value = 2.6 ◊10≠6),
but a more significant trend with much less scatter can be seen after including the mass of the
black hole as the third parameter in the analysis (see Fig 5.7, Pearson correlation coe cient =
0.74, p-value = 4.2 ◊10≠20).
In order to recover the complete optical fundamental plane, we include the same sample of
hard-state XRBs as described in the beginning of Sect 5.5. The [OIII] emission line luminosity of
the LLAGN sample is converted to X-ray luminosity with the relation proposed by Heckman et al.
[2005], which states that the hard X-ray (3-20 keV) and [O III] line luminosities are well-correlated
with the mean value for log (L3≠20keV/L[O III]) as 2.15 dex. As the X-ray range used for our study
is 2-10 keV instead of 3-20 keV, we use the modified relation of log (L2≠10keV/L[O III]) = 1.81 dex,
as described in Saikia et al. [2015].
With this conversion factor, we estimate the luminosity of our LLAGN sample at 2-10 keV
range from their observed [O III] line luminosity, and compare them with the XRBs in the hard
state. We establish the optical fundamental plane best-fit relation as log LR = 0.63 (±0.05) log
L[O III] + 0.67 (±0.03) log M, after including both the hard-state XRBs and the supermassive
analogs.
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Figure 5.7: The top figure shows the radio luminosity obtained with the VLA at 15 GHz and the
nuclear [OIII] emission line luminosity (Pearson correlation coe cient = 0.4, p-value
= 2.6 ◊10≠6). The bottom figure shows a tighter correlation after including the mass
of the black hole as the third parameter. This is the edge-on view of the optical
fundamental plane obtained by using only the LLAGN sample (Pearson correlation
coe cient = 0.74, p-value = 4.2 ◊10≠20). Luminosities are given in erg s≠1 while the
masses are in units of solar mass.
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Figure 5.8: Projection of the Optical Fundamental plane of black hole activity. The LLAGN
sample is shown in red stars, and the hard-state XRB sample is shown in blue triangles.
The black line is the best-fit line of the complete sample. Luminosities are given in
erg s≠1 while the masses are in units of solar mass. The relevant references to the
X-ray data points are listed in the caption of Table 5.3.
We perform a Kendall Tau Correlation Test to check the significance of the plane. We find
that the Kendall Tau coe cient has a value of · = 0.83 (with the probability for null hypothesis
as Pnull < 1 ◊ 10≠20), which shows that the plane correlation is statistically significant. The
correlation is found to be real even after taking into account the large range of distances involved
(Partial Kendall · calculated with distance as the third variable, · = 0.48, with Pnull < 1 ◊ 10≠4).
5.6 Radio Luminosity Function
We construct the nuclear Radio Luminosity Function (RLF) of the complete Palomar sample with
the V/Vmax method (Schmidt 1968). We include all the Palomar LLAGN that were detected
either by us or by Nagar et al. [2005] at 15 GHz, and remove the non-detections and upper limits
from our calculation. As our sample only has galaxies in the positive declinations, the survey area
is restricted to 2ﬁ. The flux limit of the radio survey is 40 µJy, while the optical magnitude limit
of the parent survey is 12.5 mag.
To construct the RLF, the sources are distributed over equal bins in log of radio power at 15
GHz. For each radio luminosity bin centered around a log Lı, the space density or the di erential
RLF is calculated from the expression
  (log Lı) =
4ﬁ
‡
 n(logLı)i=1
1
Vmax(i)
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where 4ﬁ‡ is the fraction of the sky covered by the survey, n(logLı) is the number of the galaxies
in the bin centered around Lı, and Vmax is the maximum spherical volume in which the source
could have been detected given both the magnitude limit of the parent survey and the radio flux
limit, with the maximum volume being the smaller of the two. Error-bars are assigned assuming
Poisson statistics.
The RLF presented here is in rough agreement with the nuclear RLF of the Palomar sample
reported in previous studies, eg. Ulvestad & Ho [2001, for the Palomar Seyferts at 1.4 GHz and
15 GHz], Nagar et al. [2005, for 35% of the complete Palomar sample at 15 GHz] and Filho et
al. [2006, for the complete sample using observations at multiple radio frequencies]. We also note
that the constructed RLF at the highest luminosities is in good agreement with that of classical
Seyferts.
Figure 5.9: The radio luminosity function of the LLAGN in the Palomar sample. For each bin,
the number of galaxies is shown at the top. Error-bars are assigned assuming Poisson
statistics. Only bins containing more than one galaxy have been plotted. For a rough
comparison, we also plot the estimated position for galaxies in the local group [from
Nagar et al., 2005, shown in open square] in the 15 GHz nuclear RLF. The red line
is the best-fit broken power-law to the RLF. It has a slope of ≥-0.7 at the brightest
end (complete sample, excluding the five lowest radio luminosity points), and ≥-0.3
for the fainter sources. The upper x-axis shows the implied logarithmic values of the
mass accretion rate (in M§/yr) within the context of a jet model, assuming a 10%
energy conversion e ciency (see Section 5.6.1 for details).
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5.6.1 Broken power-law fit
Compared to the Palomar nuclear RLF reported in Nagar et al. [2005], we have heavily populated
the number of LLAGN in the lower luminosity bins, and have probed sources that are an order
of magnitude fainter (minimum log Lpeak15GHz of 17.21 W/Hz, compared to 18.62 W/Hz reported in
Nagar et al. 2005).
Nagar et al. [2005] had observed a tentative hint of the RLF flattening at lower luminosity
end. With a much bigger sample of fainter sources detected in our survey, we can finally confirm
the presence of a low-luminosity turnover in the nuclear RLF of LLAGN. We fit the RLF with a
broken power-law, with a best-fit power-law index of ≥-0.7 at the higher luminosities, and ≥-0.3
at lower luminosities. The slope at the fainter end of the RLF is comparable to the slope of
-0.43 suggested by Nagar et al. [2005]. The break in the power-law is seen around a peak radio
luminosity of 1.99 ◊1020 W/Hz.
In order to explore the physical meaning of the break, we convert the radio luminosities into
an equivalent accretion rate. It has been shown by Körding et al. [2006] that the flat spectrum
radio luminosity of accreting objects can be used to trace the accretion rate of the black hole
using the equation
M˙ = 4◊ 1017
1 LRad
1030 erg/s
212/17 10.1
÷
0.75
f
2 g
s
where ÷ denotes the accretion disc e ciency and the factor ‘f ’ reflects what part of the total
accretion rate is actually accreted and not ejected in the outflows. Following Körding et al. [2006],
we have used ÷ = 0.1 and f = 0.75, for our calculation. Using this equation, we find that the
break in the nuclear RLF power-law is seen when the mass accretion rate goes below 1.2◊10≠3
M§/yr. For a rough comparison, X-ray and infrared emission from the Galactic center provides
an upper limit of ≥ 8◊ 10≠5 M§/yr on the mass accretion rate in Sgr A [Quataert et al., 1999].
We can also estimate the expected Eddington ratio at the turnover radio luminosity, by using
an estimated black hole mass and the observed luminosity or mass accretion rate. The expected
Eddington ratio, or the dimensionless mass accretion rate, is given as m˙Edd = M˙/M˙Edd, where
M˙Edd = LEdd/÷c2 and LEdd = 1.2◊ 1031 MM§ W. Assuming a black hole mass of 109M§, we obtain
a critical Eddington ratio of 5.1 ◊10≠5, below which the RLF turns over. The sources have very
low inferred Eddington ratios, which requires either a very low mass accretion rate or a radiatively
ine cient accretion mechanism or both.
5.6.2 Comparison with the local group
It is interesting to note that the local group falls between the extrapolation of the RLF for brighter
sources (with a slope ≥-0.7), and the extrapolation of the flatter RLF after the turn-over for the
fainter sources (with a slope ≥-0.3). The local group RLF is taken from Nagar et al. [2005]. They
have used a simple V/Vmax test for the Galaxy and M 31, assuming a detection limit of 30 µJy,
to estimate the position of the local group in the nuclear RLF of local universe.
The discrepancy of the position of the local group on the RLF, in comparison with other
LLAGN and the brighter seyferts, is not clearly understood. The local group is located much
higher than the extrapolation of the RLF of the fainter local sources. One possible reason can
98
5.7 Conclusion
be presence of a slightly di erent physics near to the galactic center, as it mainly feeds on stellar
winds, making the accreting environment di erent from the active galaxies.
5.7 Conclusion
In this paper, we present the results of a sub-arcsec resolution radio survey of 76 LLAGN and
AGN in the Palomar sample of nearby bright northern galaxies that were previously not detected
with the VLA at 15 GHz. This sample concentrates on the active side of the Palomar sample, as
HII galaxies and Absorption line galaxies are not included in our analysis. With a total time of ≥4
minute per source, we have a typical rms noise level of 11.5 µJy compared with the previous-best
in literature 0.3 mJy [Nagar et al., 2005]. We detect 60 % (45 of 76) of this previously non-detected
LLAGN sample for the first time at 15 GHz, comprising 20 low-ionization nuclear emission-line
region (LINER) nuclei, 10 low-luminosity Seyfert galaxies, and 15 transition objects.
We use the new observations of fainter LLAGN to populate and refine the fundamental plane of
black hole activity. We find that the fundamental plane relation is significant even after removing
the common e ect of distances on the two axes of the plane. The best-fit plane relations were
found to be log LR = 0.48 (±0.04) log LX + 0.79 (±0.03) log M and log LR = 0.63 (±0.05) log
L[O III] + 0.67 (±0.03) log M.
We also construct the nuclear RLF of the LLAGN sample in the local universe, using our
uniform, high-resolution and high-frequency radio detections of the Palomar sample. We have
probed very weak sources that are an order of magnitude fainter than previously detected at
nuclear radio luminosities, and have provided significant evidence of a LLAGN nuclear RLF
turnover at lower luminosities. We fit a broken power-law to the 15 GHz RLF of the Palomar
active galaxies, and find that the power-law break occurs at a critical mass accretion rate of
1.2◊10≠3 M§/yr (which translates to an Eddington ratio m˙Edd ≥ 5.1 ◊ 10≠5, assuming a black
hole mass of 109M§). We also note that the local group stands out and falls closer to the
extrapolation of the higher luminosity sources. The constructed RLF agrees with the classical
Seyferts at higher luminosities.
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Table 5.1: Radio properties of the 45 detected sources.
Name RA Dec Beam BPA Speak15GHz RMS
(deg) (deg) (arcsec) (deg) (mJy/beam) (µJy)
(1) (2) (3) (4) (5) (6) (7)
NGC410 17.7454 33.151 0.18◊0.13 -82.6 0.72±0.01 11.1
NGC488 20.4450 5.256 0.22◊0.14 -58.3 0.14±0.01 10.7
NGC521 21.1407 1.731 0.23◊0.14 -53.3 0.34±0.01 10.6
NGC660 25.7596 13.645 0.21◊0.14 -66.2 62.80±0.12 9.0
NGC777 30.0621 31.429 0.22◊0.13 -76.4 0.53±0.01 10.7
NGC841 32.8223 37.497 0.21◊0.13 -79.9 0.06±0.01 7.8
NGC1055 40.4383 40.438 0.29◊0.14 -54.4 0.18±0.01 10.6
NGC1169 45.8947 46.386 0.23◊0.13 -81.0 0.36±0.01 9.8
NGC1961 85.5193 69.378 0.26◊0.13 72.8 0.50±0.01 9.5
NGC2681 133.3863 51.313 0.17◊0.14 -87.2 0.34±0.01 9.6
NGC2683 133.1720 33.421 0.19◊0.13 65.6 0.45±0.01 10.8
NGC2832 139.9452 33.749 0.17◊0.13 67.5 0.20±0.01 9.2
NGC2859 141.0771 34.513 0.17◊0.13 65.2 0.05±0.01 8.9
NGC2985 147.5924 72.278 0.18◊0.14 -46.0 1.14±0.01 12.3
NGC3642 170.5745 59.074 0.15◊0.12 15.0 0.78±0.01 10.5
NGC3735 173.9883 70.535 0.16◊0.12 9.4 0.39±0.01 9.7
NGC3898 177.3134 56.084 0.14◊0.12 20.2 0.21±0.01 9.0
NGC3982 179.1172 55.125 0.14◊0.12 22.0 0.56± 0.01 10.2
NGC3992 179.3998 53.374 0.14◊0.12 25.5 0.17±0.01 9.9
NGC4036 180.3614 61.895 0.15◊0.12 10.6 0.60± 0.01 11.6
NGC4051 180.7900 44.531 0.13◊0.12 -31.6 0.48±0.01 12.3
NGC4111 181.7630 43.065 0.13◊0.12 -31.4 0.19± 0.01 12.1
NGC4145 182.5065 39.883 0.14◊0.12 -32.7 0.09±0.01 9.2
NGC4346 185.8665 46.993 0.14◊0.12 -32.6 0.06±0.01 8.3
NGC4395 186.4536 33.546 0.13◊0.12 -17.9 0.17±0.01 11.1
NGC4750 192.5304 72.874 0.17◊0.12 15.6 0.86±0.01 12.5
NGC5194 202.4696 47.195 0.26◊0.15 70.5 0.25±0.01 14.2
NGC5195 202.4980 47.266 0.27◊0.14 69.5 0.25± 0.01 14.3
NGC5273 205.5349 35.654 0.24◊0.14 67.5 0.19±0.01 12.0
NGC5395 209.6581 37.424 0.23◊0.13 67.2 0.11±0.01 12.3
NGC5448 210.7085 49.172 0.25◊0.14 71.8 0.06±0.01 12.3
NGC5485 211.7972 55.001 0.22◊0.15 80.4 0.56±0.01 13.1
NGC5566 215.0828 3.933 0.28◊0.13 48.6 1.40±0.01 29.3
NGC5631 216.6387 56.582 0.17◊0.14 -86.1 0.64±0.01 11.8
NGC5746 221.2332 1.955 0.28◊0.13 46.5 1.35±0.02 22.6
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Table 5.1: Radio properties of the 45 detected sources.
Name RA Dec Beam BPA Speak15GHz RMS
(deg) (deg) (arcsec) (deg) (mJy/beam) (µJy)
(1) (2) (3) (4) (5) (6) (7)
NGC5850 226.7820 1.544 0.25◊0.13 45.4 0.10±0.01 11.1
NGC5921 230.4853 5.070 0.22◊0.13 44.2 0.13±0.01 11.7
NGC5985 234.9044 59.332 0.21◊0.15 -86.4 0.53±0.01 11.6
NGC6340 257.6034 72.304 0.19◊0.12 -41.8 0.59±0.01 10.2
NGC6482 267.9534 23.071 0.14◊0.14 34.5 0.42± 0.01 9.0
NGC6703 281.8284 45.550 0.14◊0.12 -20.7 0.63±0.01 9.2
NGC6951 309.3088 66.105 0.16◊0.12 24.0 0.26±0.01 11.2
NGC7814 0.8120 16.145 0.16◊0.14 -77.3 1.19±0.01 9.5
IC356 61.9453 69.812 0.25◊0.13 -81.8 1.28±0.01 16.2
IC520 133.4260 73.490 0.20◊0.13 -60.1 0.15±0.01 9.3
Note - Columns are: (1) galaxy name; (2) and (3) observed RA and Dec in degrees; (4) and (5) the
beam size and beam position angle of the maps from which the previous columns data are derived;
(5) peak 15 GHz radio flux density in mJy with errors on the flux ; (6) RMS in µJy
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Table 5.2: The sample of LLAGN in the Palomar survey that were observed and reported in this
paper (76 sources), as well as the previous radio detections obtained from the literature
(68 sources).
Name AType Dist RAobs Decobs Speak15GHz Det Stotal15GHz L
peak
15GHz Ltotal15GHz
(Mpc) (h:m:s) (d:m:s) (mJy/b) (mJy) (W/Hz) (W/Hz)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
NGC185 S2 0.7 – – – – <1.1 – <16.81
NGC266 L1.9 62.4 00:49:47.82 32:16:39.7 4.1 N 4.1 21.28 21.28
NGC315 L1.9 65.8 – – 470 Lit – 23.38 –
NGC410 T2: 70.6 01:10:58.91 33:09:07.1 0.72 S 0.7 20.64 20.62
NGC428 L2/T2: 14.9 – – – – <0.9 – <19.38
NGC474 L2:: 32.5 – – – – <1.5 – <20.28
NGC488 T2:: 29.3 01:21:46.80 05:15:24.6 0.14 S 0.14 19.18 19.15
NGC521 T2/H: 67 01:24:33.77 01:43:52.9 0.34 S 0.32 20.27 20.23
NGC660 T2/H: 11.8 01:43:02.32 13:38:44.9 62.80 S 68.11 21.02 21.05
NGC676 S2: 19.5 – – – – <1.5 – <19.83
NGC718 L2 21.4 – – – – <1.5 – <19.91
NGC777 S2/L2:: 66.5 02:00:14.91 31:25:45.9 0.54 S 0.58 20.45 20.48
NGC841 L1.9: 59.5 02:11:17.37 37:29:49.7 0.06 S 0.04 19.41 19.23
NGC1055 T2/L2:: 12.6 02:41:45.20 00:26:38.1 0.18 S 0.18 19.54 19.53
NGC1058 S2 9.1 – – – – <0.9 – <18.95
NGC1167 S2 65.3 03:01:42.35 35:12:20.1 44.9 N 249 22.36 23.10
NGC1169 L2 33.7 03:03:34.74 46:23:11.1 0.36 S 0.37 19.70 19.70
NGC1275 S1.5 70.1 – – 2970 Lit – 24.24 –
NGC1961 L2 53.1 05:42:04.65 69:22:42.4 0.50 S 0.53 20.23 20.25
NGC2273 S2 28.4 06:50:08.65 60:50:44.9 4.1 N 5.1 20.60 20.69
NGC2336 L2/S2 33.9 – – – – <1.5 – <20.31
NGC2541 T2/H: 10.6 – – – – <1 – <19.13
NGC2655 S2 24.4 08:55:38.07 78:13:23.8 6 N 6 20.63 20.63
NGC2681 L1.9 13.3 08:53:32.72 51:18:49.2 0.34 S 0.44 18.86 18.97
NGC2683 L2/S2 5.7 08:52:41.30 33:25:18.7 0.45 S 0.44 18.24 18.23
NGC2768 L2 23.7 09:11:37.41 60:02:14.9 7.9 N 8.2 20.73 20.74
NGC2787 L1.9 13 09:19:18.61 69:12:11.6 7 N 7 20.15 20.15
NGC2832 L2:: 91.6 09:19:46.85 33:44:59.0 0.20 S 0.20 20.31 20.30
NGC2841 L2 12 09:22:02.68 50:58:35.7 1.1 N 2.1 19.28 19.56
NGC2859 T2: 25.4 09:24:18.53 34:30:48.6 0.05 S 0.04 18.61 18.49
NGC2911 L2 42.2 09:33:46.11 10:09:08.8 17.3 N 17.7 21.57 21.57
NGC2985 T1.9 22.4 09:50:22.18 72:16:44.2 1.14 S 1.14 19.83 19.82
NGC3031 S1.5 3.6 09:55:33.17 69:03:55.1 164.1 N 164.8 20.41 20.41
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Table 5.2: The sample of LLAGN in the Palomar survey that were observed and reported in this
paper (76 sources), as well as the previous radio detections obtained from the literature
(68 sources).
Name AType Dist RAobs Decobs Speak15GHz Det Stotal15GHz L
peak
15GHz Ltotal15GHz
(Mpc) (h:m:s) (d:m:s) (mJy/b) (mJy) (W/Hz) (W/Hz)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
NGC3079 S2 20.4 – – 48 Lit 59 21.38 21.47
NGC3147 S2 40.9 10:16:53.65 73:24:02.7 8 N 8.1 21.20 21.21
NGC3169 L2 19.7 10:14:15.05 03:27:57.9 6.8 N 6.8 20.50 20.50
NGC3190 L2 22.4 10:18:06.01 21:49:54.5 1.1 N 0.8 19.82 19.68
NGC3226 L1.9 23.4 10:23:27.01 19:53:54.6 5 N 5.4 20.51 20.55
NGC3227 S1.5 20.6 10:23:30.58 19:51:54.2 3.5 N 4.7 20.25 20.38
NGC3414 L2 24.9 10:51:16.21 27:58:30.3 2.3 N 2.4 20.23 20.25
NGC3516 S1.2 38.9 – – 1.3 Lit 1.3 20.37 20.37
NGC3607 L2 19.9 11:16:54.67 18:03:06.4 1.6 N 1.4 19.88 19.82
NGC3627 T2/S2 6.6 11:20:15.01 12:59:29.8 1.1 N 2.9 18.76 19.18
NGC3628 T2 7.7 11:20:17.02 13:35:20.0 1.5 N 2.2 19.02 19.19
NGC3642 L1.9 27.5 11:22:17.90 59:04:28.3 0.78 S 0.79 19.85 19.85
NGC3675 T2 12.8 – – – – <1 – <19.29
NGC3718 L1.9 17 11:32:34.86 53:04:04.5 10.5 N 10.8 20.56 20.57
NGC3735 S2: 41 11:35:57.22 70:32:07.8 0.39 S 0.44 19.90 19.94
NGC3780 L2:: 37.2 11:39:22.27 56:16:10.2 1.1 N 1 20.26 20.22
NGC3898 T2 21.9 11:49:15.24 56:05:04.3 0.21 S 0.33 19.09 19.28
NGC3900 L2: 29.4 – – – – <1.5 – <20.19
NGC3917 T2: 17 – – – – <1.2 – <19.63
NGC3941 S2: 18.9 – – – – <1.1 – <19.67
NGC3945 L2 22.5 11:53:13.61 60:40:32.1 1.8 N 2.1 20.04 20.10
NGC3953 T2 17 – – – – <1.3 – <19.64
NGC3982 S1.9 17 11:56:28.14 55:07:30.9 0.56 S 0.80 19.29 19.44
NGC3992 T2: 17 11:57:35.96 53:22:29.0 0.17 S 0.19 18.77 18.81
NGC3998 L1.9 21.6 – – 57 Lit 57 21.50 21.50
NGC4013 T2 17 – – – – 1 – 19.54
NGC4036 L1.9 24.6 12:01:26.75 61:53:44.6 0.60 S 0.85 19.64 19.79
NGC4051 S1.2 17 12:03:09.61 44:31:52.7 0.48 S 0.48 19.22 19.22
NGC4111 L2 17 12:07:03.13 43:03:56.3 0.19 S 0.24 18.81 18.92
NGC4125 T2 24.2 – – – – <1 – <19.85
NGC4138 S1.9 17 12:09:29.80 43:41:06.9 1.5 N 1.3 19.71 19.65
NGC4143 L1.9 17 12:09:36.07 42:32:03.0 3.3 N 3.3 20.06 20.06
NGC4145 T2: 20.7 12:10:01.56 39:53:00.9 0.09 S 0.12 18.69 18.79
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Table 5.2: The sample of LLAGN in the Palomar survey that were observed and reported in this
paper (76 sources), as well as the previous radio detections obtained from the literature
(68 sources).
Name AType Dist RAobs Decobs Speak15GHz Det Stotal15GHz L
peak
15GHz Ltotal15GHz
(Mpc) (h:m:s) (d:m:s) (mJy/b) (mJy) (W/Hz) (W/Hz)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
NGC4150 T2 9.7 – – – – <1 – <19.05
NGC4151 S1.5 20.3 – – 12.5 Lit 17.6 20.79 20.94
NGC4168 S1.9: 16.8 12:12:17.27 13:12:18.7 3 N 3.1 20.00 20.02
NGC4169 S2 50.4 12:12:19.09 29:10:45.0 1.2 N 1 20.56 20.48
NGC4203 L1.9 9.7 12:15:05.06 33:11:50.2 9.5 N 9.5 20.03 20.03
NGC4216 T2 16.8 12:15:54.37 13:08:58.1 1.2 N 1.3 19.61 19.64
NGC4220 T2 17 – – – – <1.4 – <19.7
NGC4258 S1.9 6.8 12:18:57.51 47:18:14.3 2.6 N 3 19.16 19.22
NGC4261 L2 35.1 – – 300 Lit – 22.65 –
NGC4278 L1.9 9.7 12:20:06.82 29:16:50.7 88.3 N 89.7 21.00 21.00
NGC4293 L2 17 12:21:12.81 18:22:56.7 0.7 N 1.4 19.38 19.68
NGC4314 L2 9.7 – – – – <1 – <19.05
NGC4346 L2:: 17 12:23:27.96 46:59:37.6 0.06 S 0.07 18.33 18.38
NGC4374 L2 16.8 12:25:03.74 12:53:13.2 180.7 N 183.7 21.79 21.79
NGC4388 S1.9 16.8 12:25:46.78 12:39:43.8 2.2 N 3.7 19.87 20.09
NGC4395 S1.8 3.6 12:25:48.88 33:32:48.7 0.17 S 0.2 17.41 17.49
NGC4414 T2: 9.7 – – – – <0.9 – <19.01
NGC4419 T2 16.8 12:26:56.45 15:02:50.8 2.7 N 3.6 19.96 20.08
NGC4450 L1.9 16.8 12:28:29.59 17:05:06.0 2 N 2.7 19.83 19.96
NGC4472 S2:: 16.8 12:29:46.76 08:00:01.7 3.7 N 4.1 20.10 20.14
NGC4486 L2 16.8 12:30:49.42 12:23:28.0 2725.7 N 2835.7 22.96 22.98
NGC4548 L2 16.8 12:35:26.45 14:29:46.7 1.2 N 1.2 19.61 19.61
NGC4550 L2 16.8 12:35:30.08 12:13:18.6 0.7 N 0.7 19.37 19.37
NGC4552 T2: 16.8 12:35:39.81 12:33:22.8 58.1 N 58.6 21.29 21.29
NGC4565 S1.9 9.7 12:36:20.78 25:59:15.6 3.7 N 3.7 19.62 19.62
NGC4579 S1.9/L 16.8 12:37:43.52 11:49:05.5 27.6 N 28.3 20.97 20.98
NGC4589 L2 30 12:37:24.99 74:11:30.9 11.7 N 11.9 21.10 21.11
NGC4636 L1.9 17 12:42:49.83 02:41:15.9 1.6 N 1.9 19.74 19.82
NGC4736 L2 4.3 12:50:53.07 41:07:12.9 1.9 N 1.7 18.62 18.57
NGC4750 L1.9 26.1 12:50:07.32 72:52:28.6 0.86 S 0.95 19.84 19.89
NGC4762 L2: 16.8 12:52:55.90 11:13:46.6 0.9 N 1.3 19.48 19.64
NGC4772 L1.9 16.3 12:53:29.16 02:10:06.2 3.3 N 3.4 20.02 20.03
NGC5033 S1.5 18.7 13:13:27.47 36:35:37.9 1.4 N 1.4 19.77 19.77
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Table 5.2: The sample of LLAGN in the Palomar survey that were observed and reported in this
paper (76 sources), as well as the previous radio detections obtained from the literature
(68 sources).
Name AType Dist RAobs Decobs Speak15GHz Det Stotal15GHz L
peak
15GHz Ltotal15GHz
(Mpc) (h:m:s) (d:m:s) (mJy/b) (mJy) (W/Hz) (W/Hz)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
NGC5194 S2 7.7 13:29:52.71 47:11:42.8 0.25 S 0.38 18.25 18.43
NGC5195 L2: 9.3 13:29:59.53 47:15:58.3 0.25 S 0.37 18.41 18.58
NGC5273 S1.5 21.3 13:42:08.38 35:39:15.5 0.19 S 0.37 19.01 19.30
NGC5297 L2 37.8 – – – – <1.5 – <20.41
NGC5322 L2:: 31.6 13:49:15.26 60:11:25.9 12.7 N 12.7 21.18 21.18
NGC5353 L2/T2: 37.8 13:53:26.69 40:16:58.9 18.3 N 18.7 21.49 21.50
NGC5354 T2/L2: 32.8 – – 9.7 Lit 9.7 21.09 21.09
NGC5363 L2 22.4 13:56:07.21 05:15:17.2 38.1 N 40.7 21.36 21.39
NGC5371 L2 37.8 – – – – <1.5 – <20.41
NGC5377 L2 31 13:56:16.83 47:14:06.3 3 N 3.1 20.54 20.55
NGC5395 S2/L2 46.7 13:58:37.96 37:25:28.2 0.11 S 0.11 19.48 19.46
NGC5448 L2 32.6 14:02:50.05 49:10:21.2 0.06 S 0.16 18.87 19.31
NGC5485 L2: 32.8 14:07:11.35 55:00:06.0 0.56 S 0.62 19.86 19.90
NGC5566 L2 26.4 14:20:19.89 03:56:01.4 1.40 S 1.66 20.07 20.14
NGC5631 S2/L2: 32.7 14:26:33.29 56:34:57.4 0.64 S 0.64 19.91 19.91
NGC5656 T2:: 42.6 – – – – <1 – <20.34
NGC5678 T2 35.6 – – – – <1 – <20.18
NGC5701 T2: 26.1 – – – – <1.1 – <19.95
NGC5746 T2 29.4 14:44:55.98 01:57:18.13 1.35 S 1.40 20.14 21.62
NGC5813 L2: 28.5 15:01:11.23 01:42:07.1 2.2 N 2.4 20.33 20.37
NGC5838 T2:: 28.5 – – 1.6 Lit 1.6 20.19 20.19
NGC5846 T2: 28.5 – – 6.3 Lit 6.3 20.79 20.79
NGC5850 L2 28.5 15:07:07.68 01:32:39.3 0.10 S 0.10 19.00 18.99
NGC5866 T2 15.3 15:06:29.50 55:45:47.6 7.1 N 7.5 20.30 20.32
NGC5879 T2/L2 16.8 – – – – <1.1 – <19.57
NGC5921 T2 25.2 15:21:56.49 05:04:14.3 0.13 S 0.15 19.01 19.05
NGC5970 L2/T2: 31.6 – – – – – – –
NGC5982 L2:: 38.7 – – – – – – –
NGC5985 L2 39.2 15:39:37.06 59:19:55.2 0.53 S 0.54 19.99 19.99
NGC6340 L2 22 17:10:24.84 72:18:15.9 0.59 S 0.61 19.53 19.55
NGC6384 T2 26.6 – – – – <1 – <19.93
NGC6482 T2/S2:: 52.3 17:51:48.83 23:04:18.9 0.42 S 0.45 20.14 20.18
NGC6500 L2 39.7 17:55:59.782 18:20:17.6 83.5 N 85 22.19 22.20
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Table 5.2: The sample of LLAGN in the Palomar survey that were observed and reported in this
paper (76 sources), as well as the previous radio detections obtained from the literature
(68 sources).
Name AType Dist RAobs Decobs Speak15GHz Det Stotal15GHz L
peak
15GHz Ltotal15GHz
(Mpc) (h:m:s) (d:m:s) (mJy/b) (mJy) (W/Hz) (W/Hz)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
NGC6503 T2/S2: 6.1 – – – – <1 – <18.65
NGC6703 L2:: 35.9 18:47:18.82 45:33:02.3 0.63 S 0.63 19.99 19.99
NGC6951 S2 24.1 20:37:14.12 66:06:20.0 0.26 S 0.28 19.26 19.29
NGC7479 S1.9 32.4 23:04:56.63 12:19:22.6 2.4 N 2.5 20.48 20.49
NGC7626 L2:: 45.6 23:20:42.54 08:13:00.9 39.8 N 40 21.99 21.99
NGC7743 S2 24.4 23:44:21.36 09:56:03.8 1 L 1.5 19.85 20.03
NGC7814 L2:: 15.1 00:03:14.90 16:08:43.2 1.19 S 1.19 19.51 19.51
IC239 L2:: 16.8 – – – – – – –
IC356 T2 18.1 04:07:46.89 69:48:44.7 1.28 S 1.23 19.70 19.68
IC520 T2: 47.0 08:53:42.25 73:29:27.4 0.15 S 0.15 19.60 19.59
IC1272 T2/L2 8.2 – – – – – – –
Columns are: (1) galaxy name; (2) nuclear activity type from Ho et al. [1997] (‘L’ : LINER, ‘S’ :
Seyfert, ‘T’ : transition objects; ‘2’ : no broad H–, ‘1.9’ : broad H– is present, but no broad H—,
‘1.0’ or ‘1.5’ : both broad H– and broad H—, ‘:’ : uncertain classifications, ‘::’ : highly uncertain
classifications); (3) distance to the galaxy in Mpc; (4) and (5) are the 2 cm radio position; (6) peak
flux of the nuclear radio source; (7) the source from where the radio values are taken (S : observed
and detected in this survey, – : observed in this survey, but not detected, N : reported in Nagar
et al. 2005, L : compiled by Nagar et al. 2005 from literature); (8) integrated flux density of the
nuclear source; (9) and (10) are the radio luminosity of the source (derived from the peak and total
radio flux-density, respectively).
106
5.7 Conclusion
Table 5.3: Summary of Radio-detected LLAGN with Mass and X-ray luminosity from literature
Name Log LR Log LX Log M Dist Ref
(erg/s) (erg/s) (M§) (Mpc)
(1) (2) (3) (4) (5) (6)
NGC266 38.46 40.77 8.6 62.4 5
NGC315 40.56 41.77 9.22 65.8 2
NGC410 37.81 40.71 9.19 70.6 2
NGC660 38.2 38.32 7.3 11.8 4
NGC1055 35.72 38.38 6.25 12.6 4
NGC1167 39.54 39.6 8.47 65.3 1
NGC1275 41.42 43.4 8.86 70.1 6
NGC2273 37.77 40.93 7.63 28.4 1
NGC2655 37.81 40.89 7.79 24.4 1
NGC2681 36.03 39.27 6.94 13.3 2
NGC2683 35.42 38.21 7.34 5.7 7
NGC2787 37.33 38.8 8.31 13.0 2
NGC2841 36.45 39.22 8.52 12.0 2
NGC3031 37.58 39.48 7.82 3.6 1
NGC3079 38.55 40.26 8.08 20.4 1
NGC3147 38.38 41.49 8.5 40.9 1
NGC3169 37.68 41.35 8.16 19.7 8
NGC3226 37.69 40.8 8.22 23.4 2
NGC3227 37.43 41.64 7.43 20.6 1
NGC3414 37.41 39.86 8.67 24.9 2
NGC3516 37.55 42.42 8.07 38.9 1
NGC3607 37.06 38.76 8.62 19.9 2
NGC3627 35.93 39.41 7.23 6.6 2
NGC3628 36.2 39.94 6.18 7.7 2
NGC3718 37.74 41.06 7.77 17.0 5
NGC3735 37.08 40.53 7.51 41.0 1
NGC3945 37.21 39.12 8.19 22.5 2
NGC3982 36.47 39.78 6.05 17.0 1
NGC3998 38.68 41.32 9.23 21.6 2
NGC4036 36.82 38.12 8.45 24.6 2
NGC4051 36.4 41.35 6.49 17.0 1
NGC4111 35.99 40.36 7.62 17.0 2
NGC4138 36.89 41.28 7.17 17.0 1
NGC4143 37.23 40.03 8.34 17.0 8
NGC4151 37.97 43.01 6.68 20.3 1
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Table 5.3: Summary of Radio-detected LLAGN with Mass and X-ray luminosity from literature
Name Log LR Log LX Log M Dist Ref
(erg/s) (erg/s) (M§) (Mpc)
(1) (2) (3) (4) (5) (6)
NGC4168 37.18 39.3 8.1 16.8 1
NGC4169 37.74 40.84 8.09 50.4 1
NGC4203 37.21 40.37 7.89 9.7 3
NGC4258 36.33 40.9 7.62 6.8 3
NGC4261 39.82 41.07 9.26 35.1 2
NGC4278 38.17 39.23 8.88 9.7 2
NGC4374 38.96 39.53 9.25 16.8 2
NGC4388 37.05 41.85 6.56 16.8 1
NGC4395 34.59 40.08 4.07 3.6 1
NGC4450 37.01 40.35 7.42 16.8 3
NGC4472 37.27 39.85 9.12 16.8 1
NGC4486 40.14 40.82 9.42 16.8 2
NGC4548 36.78 39.79 7.03 16.8 8
NGC4552 38.47 39.25 8.81 16.8 2
NGC4565 36.8 41.32 7.43 9.7 1
NGC4579 38.15 41.17 7.86 16.8 2
NGC4589 38.28 38.91 8.54 30.0 2
NGC4636 36.92 39.03 8.32 17.0 2
NGC4736 35.8 38.59 7.0 4.3 2
NGC4750 37.02 40.08 7.43 26.1 5
NGC4772 37.2 39.85 7.62 16.3 5
NGC5033 36.94 42.64 7.67 18.7 1
NGC5194 35.43 39.3 6.66 7.7 1
NGC5273 36.18 41.58 5.99 21.3 1
NGC5363 38.54 39.78 8.57 22.4 2
NGC5746 37.32 40.22 8.29 29.4 2
NGC5813 37.51 38.8 8.68 28.5 2
NGC5838 37.37 39.2 8.92 28.5 2
NGC5846 37.96 40.81 8.67 28.5 2
NGC5866 37.47 38.29 7.92 15.3 2
NGC6482 37.32 39.33 9.27 52.3 2
NGC6500 39.37 40.11 8.44 39.7 8
NGC6951 36.44 39.48 7.29 24.1 1
NGC7479 37.66 40.45 7.72 32.4 1
NGC7743 37.03 37.85 6.5 24.4 1
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Table 5.3: Summary of Radio-detected LLAGN with Mass and X-ray luminosity from literature
Name Log LR Log LX Log M Dist Ref
(erg/s) (erg/s) (M§) (Mpc)
(1) (2) (3) (4) (5) (6)
Note - Columns are: (1) galaxy name; (2) logarithmic value of radio luminosity at 15 GHz (in
erg/s) with the VLA; (3) logarithmic value of X-ray luminosity at 2-10 keV (in erg/s), taken from
Literature (reference given in column 6); (4) logarithmic value of black hole mass (in M§), estimated
from stellar velocity dispersions reported in Hovatta et al. [2009]; (5) distance to the source in Mpc;
(6) literature references for the X-ray luminosity at 2-10 KeV range quoted in column (3) : References
for X-ray luminosity : 1: Akylas & Georgantopoulos [2009], 2 : Gonzalez-Martin et al. [2009], 3 :
Terashima et al. [2002], 4 : Filho et al. [2004], 5 : Younes et al. [2011], 6 : Allen et al. [2001], 7 :
Panessa et al. [2006], 8 : Terashima & Wilson [2003].
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Figure 5.10: NGC 5566, NGC 5746, NGC 5850, NGC 5921, NGC 5631 and NGC 5895
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Figure 5.11: NGC 7814, NGC 488, NGC 521 and NGC 660.
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Figure 5.12: NGC 410, NGC 777, NGC 841 and NGC 1169.
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Figure 5.13: NGC 5273, NGC 5395, NGC 5194 and NGC 5195.
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Figure 5.14: NGC 2985, NGC 2683, NGC 2832 and NGC 2859.
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Figure 5.15: NGC 2681, UGC 4630, NGC 4750 and NGC 4051.
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Figure 5.16: NGC 3839, NGC 3982, NGC 3992 and NGC 4036.
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Figure 5.17: NGC 6951, NGC 6703, NGC 6340 and NGC 6482
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Figure 5.18: NGC 5485, NGC 1961, UGC 2953 and NGC 1055.
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Figure 5.19: NGC 4346, NGC 4395, NGC 4111, NGC 4145, NGC 3642 and NGC 3735
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Summary
This thesis details four di erent studies of accretion and emission processes in supermassive and
stellar-mass black holes. In particular, I have used the fundamental plane of black hole activity
or mass scaling of black holes to understand the connection between accretion and emission in
these systems.
I discovered the fundamental plane in the optical band and have used it to understand the
relativistic parameters of blazar jets. I have discussed the concerns of using di erent radio lumi-
nosities for various black hole systems on the fundamental plane. Finally, I have presented a new
radio survey of a sample of low-luminosity AGN in the local universe, and used it to populate
and refine the original and optical fundamental planes. Below I provide a brief overview of the
results and conclusions of each chapter, excluding the first chapter which introduces the topic of
black hole accretion and jets.
Chapter 2 : In Chapter 2, we present the discovery of an optical fundamental plane of black
hole activity. The sample consists of archival optical data of 39 low-luminosity AGN selected from
the Palomar Spectroscopic Survey, and a list of the best-studied low/hard state X-ray binaries
in the literature. We use the nuclear [OIII] emission line luminosity of the low-luminosity AGN
sample and 2-10 keV X-ray luminosity of the X-ray binary sample to trace the accretion rate of
these sources. Nuclear radio luminosity at 5 or 15 GHz is used to probe the core radio luminosity
of all the sources. The whole sample follows a tight correlation between nuclear [OIII] emission
line luminosity, compact radio luminosity, and the mass of the black hole. This is the fundamen-
tal plane of black hole activity in the optical band. The best fit plane relation is found to be
log LR = (0.83±0.4) log LOIII+(0.82±0.3) logM. We show for the first time that this plane can be
obtained with the supermassive black hole sample alone and the X-ray binaries statistically follow
the same relation. We also reproduce the established fundamental plane of black hole activity in
X-rays.
Chapter 3 : We exploit the optical fundamental plane relation obtained in the previous
chapter to understand the relativistic nature of jets in blazars in Chapter 3. A blazar jet can be
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modeled to a first approximation using just two intrinsic parameters - the Lorentz factor and the
viewing angle. We present a new and independent method of constructing the Lorentz factor and
viewing angle distribution for a sample of blazars, using the intrinsic radio luminosity obtained
from the optical fundamental plane. We use the VLBA Imaging and Polarimetry Survey (VIPS)
blazar sample, and report a blazar bulk Lorentz factor distribution in the form of a power law
as N( ) Ã  ≠2.1±0.4 for the   range of 1 to 40. This result can be used in relativistic beaming
models of blazar sources to properly constrain the physics of jet launching region and estimate
their underlying intrinsic physical properties.
Chapter 4 : In Chapter 4, we discuss various concerns of using the 1.4 GHz FIRST (Faint
Images of the Radio Sky at Twenty-Centimeters) radio luminosity to trace nuclear activity in
di erent types of AGN. For this study, we use a sample of 10149 AGN on the optical fundamental
plane, obtained by cross-correlating the AGN samples in SDSS survey and 1.4 GHz VLA FIRST
catalogue. The FIRST fluxes are seend to be heavily contaminated by non-nuclear, extended com-
ponents and other environmental factors. Only the subsamples of ‘compact’ sources and LINERs
were seen to statistically follow the fundamental plane when corrected for relativistic beaming.
All the remaining sources were found to be radio loud compared to what is expected theoretically
from the fundamental plane. We conclude that 1.4 GHz FIRST fluxes do not trace the pure ‘core’
jet and instantaneous nuclear activity in the AGN, and one needs to be careful while using it on
the fundamental plane of black hole activity.
Chapter 5 : We present a high resolution (≥ 0.2 arcsec) and high frequency (15 GHz) radio
imaging survey of 75 previously undetected LLAGNs with the Very Large Array in Chapter 5.
Compact, parsec-scale radio emission is detected above a flux density of 40 µJy in 60% (45 of
75) of the observed sources. The new observations were used to populate and refine the original
and optical fundamental plane of black hole activity. The fundamental plane relation is found to
be significant even after removing the common e ect of distances on the two axes of the plane.
We also present conclusive evidence that the nuclear 15 GHz radio luminosity function (RLF) of
the detected Palomar Sample LLAGN has a turnover at the low-luminosity end. The constructed
RLF agrees with the classical Seyferts at higher luminosities.
Looking forward : LLAGN are significantly more numerous than their high-power cousins
and bridge the parameter-space between the supermassive black holes in active- and normal
galaxies like our own Sgr A. We have shown in chapter 5 that using the new and improved Karl
G. Jansky VLA, we can observe many previously-undetected LLAGN at high radio frequencies
with high resolution. As discussed in Chapter 4, we need these observations to probe the pure
nuclear activity in black hole systems. A complete radio survey of nearby LLAGN with the
improved VLA will be extremely beneficial in answering some of the key questions regarding the
physics of AGN and their host galaxies. For example, what is the shape of the radio luminosity
function of AGN at the lowest luminosities? How is the accretion disc coupled to its jet? What
is the e ect of the host galaxy or the black hole spin on relativistic jets? The improved and
complete radio sample will also help to populate and refine the fundamental plane of black hole
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activity. In Chapter 3, I have shown that the fundamental plane of black hole activity can be
used to understand di erent aspects of jet and accretion physics around black holes, such as the
relativistic parameters (Lorentz factor and viewing angle distribution) of jets in blazars. A refined
relation will make it possible to answer many questions that are currently unaccessible by using
the fundamental plane, such as the e ect of black hole spin on accretion and ejection.
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Samenvatting
Dit proefschrift beschrijft vier verschillende studies over accretie-en emissieprocessen in super-
zware en stellaire zwarte gaten. Specifiek heb ik gebruik gemaakt van het fundamentele vlak van
activiteit van zwarte gaten of de massaschaling van zwarte gaten om het verband tussen accretie
en emissie in deze systemen te begrijpen.
Ik heb ontdekt dat er ook een fundamenteel vlak bestaat in het optische regime en heb hier-
van gebruik gemaakt om de relativistische parameters van blazar jets te begrijpen. Ik bespreek
de zorgen over het gebruik van verschillende radioluminositeiten van verschillende systemen van
zwarte gaten in het fundamentele vlak. Tenslotte presenteer ik nieuwe radio-observaties van een
selectie van actieve sterrenstelsels (AGN) met een lage luminositeit in het lokale universum. Deze
radio-observaties gebruik ik om de originele en optische fundamentele vlakken te verfijnen in te
vullen. Hier onder geef ik een kort overzicht van de resultaten en conclusies voor elk hoofdstuk,
met uitzondering van het eerste hoofdstuk dat een introductie geeft over accretie en jets in zwarte
gaten.
Hoofdstuk 2 : We presenteren de ontdekking van het optische fundamentele vlak van activi-
teit in zwarte gaten. De selectie bestaat uit archiefdata van 39 AGN met een lage luminositeit uit
de Palomar Spectroscopic Survey, en een lijst van de best bestudeerde zacht/hard fase röntgen
dubbelsterren uit de literatuur. We gebruiken de nucleaire [OIII] emissielijn intensiteit van de
selectie AGN met een lage luminositeit en de 2-10 keV röntgenintensiteit van de selectie dub-
belsterren om de accretie van deze bronnen te bepalen. De nucleaire luminositeit op 5 of 15
GHz wordt gebruikt om de radioluminositeit in de kern van alle bronnen te bepalen. De hele
selectie volgt een nauwe correlatie tussen de nucleaire [OIII] luminositeit, de compacte radiolu-
minositeit, en de massa van het zwarte gat. Dit is het fundamentele vlak van de activiteit van
zwarte gaten in het optische regime. De meest passende relatie tussen deze grootheden wordt
dan: log LR = (0.83± 0.4) log LOIII + (0.82± 0.3) logM. We laten voor het eerst zien dat dit vlak
ook gevonden kan worden met alleen de selectie van superzware zwarte gaten. De röntgen dub-
belsterren volgen dezelfde relatie, statistisch gezien. We kunnen ook het originele fundamentele
vlak in het röntgenregime reproduceren.
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Hoofdstuk 3: We maken gebruik van de gevonden relatie voor het optische fundamentele
vlak om de relativistische eigenschappen van jets in blazars te begrijpen. Een blazar jet kan in
eerste benadering worden gemodelleerd door het gebruik van slechts twee intrinsieke parameters
- de Lorentzfactor en de observatiehoek. We presenteren een nieuwe, onafhankelijke methode
voor het produceren van de distributie van de Lorentzfactor en observatiehoek voor een selectie
blazars. Hierbij gebruiken we de intrinsieke radioluminositeit verkregen van het optische funda-
mentele vlak. We gebruiken de blazarselectie uit de VLBA Imaging and Polarimetery Survey
(VIPS) en vinden een distributie van de blazar Lorentz factor in de vorm van een machtswet:
N( ) Ã  ≠2.1±0.4 voor een  -bereik van 1 tot 40. Dit resultaat kan gebruikt worden in modellen
van de relativistische beaming van blazarbronnen om meer beperkingen in de fysica van de oor-
sprong van jets aan te brengen en de onderliggende fysische eigenschappen af te schatten.
Hoofdstuk 4: In dit hoofdstuk bespreken we verschillende aspecten van het gebruik van 1.4
GHz FIRST (Faint Images of the Radio Sky at Twenty-Centimeters) radioluminositeit om de
nucleaire activiteit van verschillende AGN te bepalen. Hiervoor gebruiken we een selectie van
10149 AGN in het optische fundamentele vlak, verkregen door een vergelijking van de AGN in
het SDSS project en 1.4 GHz FIRST-data. De data van FIRST lijkt zwaar beïnvloed te zijn door
non-nucleaire, uitgebreide componenten en andere gebiedsgebonden factoren. Alleen de subselec-
tie van compacte bronnen en LINERs volgen, statistisch, het fundamentele vlak met een correctie
voor relativistische beaming. De overgebleven bronnen zijn sterker in het radioregime dan theo-
retisch verwacht vanuit het fundamentele vlak. We concluderen dat de 1.4 GHz FIRST-data niet
de pure ‘kern’ jet en instantane nucleaire activiteit bepaalt. Men moet dus voorzichtig zijn bij
het gebruik hiervan in combinatie met het fundamentele vlak.
Hoofdstuk 5: Hier presenteren we observaties van 75 LLAGNs die nog niet eerder gezien
zijn, op hoge resolutie (≥0.2 arcsec) en hoge frequentie (15 GHz) met de Very Large Array (VLA).
Compacte radio-emissie op parsec-schaal wordt gedetecteerd met een fluxdichtheid hoger dan 40
µJy in 60% (45 van de 75) van de geobserverede bronnen. De nieuwe observaties worden gebruikt
voor het verfijnen en vullen van de originele en optische fundamentele vlakken. De relatie van
het fundamentele vlak blijkt robuust, zelfs na het verwijderen van het gemeenschappelijke e ect
van afstand op de twee assen van het vlak. We presenteren ook sluitend bewijs dat de nucleaire
15 GHz radioluminositeitsfunctie (RLF) van de gedetecteerde Palomar selectie van LLAGN een
omslagpunt heeft aan de kant van de lage luminositeit. De berekende RLF sluit ook aan bij
klassieke Seyferts op hogere luminositeiten.
Vooruitkijkend: LLAGN zijn in significant grotere aantallen aanwezig dan AGN met hoge
luminositeiten en beslaan het parametergebied tussen superzware zwarte gaten in actieve en nor-
male sterrenstelsels - zoals Sgr A in het onze. We hebben in hoofdstuk 5 laten zien dat de
vernieuwde Karl G. Jansky VLA zeer geschikt is voor de observaties van veel, eerder ongeobser-
veerde, LLAGN op hoge frequenties met hoge resolutie. Zoals besproken in hoofdstuk 4 hebben we
deze observaties nodig voor het detecteren van puur nucleaire activiteit in systemen met zwarte
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gaten. Een compleet radio-observatieproject van nabije LLAGN met de verbeterde VLA is nood-
zakelijk voor het beantwoorden van de belangrijke vragen rond de fysica van AGN en hun stelsels.
Bijvoorbeeld, wat is de vorm van de functie van de radioluminositeit van AGN bij de laagste lu-
minositeiten? Wat is de verbinding tussen de accretieschijf en de jet? Wat is het e ect van het
stelsel of de spin van het zwarte gat op de relativistische jets? De verbeterde en volledige selectie
radio-observaties zullen ook bijdragen aan het aanscherpen en vullen van het fundamentele vlak
van de activiteit van zwarte gaten. In hoofdstuk 3 heb ik laten zien dat het fundamentele vlak
kan worden gebruikt om verschillende aspecten van jet-en accretiefysica rond zwarte gaten te
begrijpen, zoals de relativistische parameters (Lorentzfactor en distributie van observatiehoeken)
van jets in blazars. Een verfijnde relatie zal het mogelijk maken om veel vragen te beantwoorden
die met het fundamentele vlak onbeantwoordbaar blijken, zoals het e ect van de spin van het
zwarte gat op accretie en uitstoot van materiaal.
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